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Abstract 
Carbon nanotube (CNT)–reinforced polymer composites have found numerous 
applications including their use in light–weight structures, micro–fluidic devices, textiles, 
actuators, and bio–medical implants. The presence of CNTs in the polymer matrix has 
been found to influence the machining responses of the composite. An attempt has 
recently been made to understand the machinability of CNT–polymer composites though 
developing a microstructure–level finite element machining model that considers two 
distinct phases, viz., the CNT phase and the polymer phase, thereby assuming perfect 
interfacial bonding. However, subsequent experimental investigations revealed that the 
failure mechanism during machining is primarily governed by the CNT–polymer 
interface. Since the strength of the CNT–polymer interface is critical to the load transfer 
between the CNT phase and the polymer phase, it should be explicitly modeled in 
microstructure–level finite element machining model. 
The research in this thesis aims to incorporate the CNT–polymer interface in the 
microstructure–level finite element machining model to better understand the 
machinability of CNT–polymer composites. The CNT–polymer interface is represented 
by the cohesive zone model (CZM) that is characterized by two parameters, viz., 
interfacial strength and interfacial fracture energy. The CZM parameters for the CNT–
polymer interface are obtained through nanoindentation tests, and then implemented in 
the machining model. 
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The values for the interfacial strength and the interfacial fracture energy for a 2 
wt.% CNT–polyvinyl alcohol (PVA) composite sample were estimated to be 42 MPa and 
0.018 J/m
2
, respectively, at room temperature and strain rate of 0.025 s
-1
. These 
interfacial parameters were then validated for the 1 wt.% and 4 wt.% CNT–PVA 
composites. The results indicate that the interfacial parameters of the interface are 
independent of the CNT loading in the weight fraction range of 1–4%. 
An enhanced microstructure–level finite element machining model for CNT–PVA 
composites is developed by considering the CNT–PVA interface as the third phase in 
addition to the PVA phase and the CNT phase. To account for variable temperature and 
strain rate over the deformation zone during machining, temperature– and strain rate–
dependent mechanical properties for the interface and the polymer material are also 
obtained and considered in the model. The results show that the model can predict cutting 
forces within 6% of the experimental values for the machining conditions used in this 
study. The machining simulation results reveal that a large rake angle (35
o
) better 
facilitates the material removal process during micromachining and produces lower 
cutting force than a smaller rake angle (23
o
). A parametric study is performed to 
investigate the effect of interfacial strength on surface/subsurface damage of CNT–PVA 
composites. Subsurface damage is reduced when interfacial strength increases. However, 
very high interfacial strength or perfect interfacial bonding can result in more 
surface/subsurface damage because CNTs can bend excessively in the cutting direction, 
causing more local deformation and higher stress in CNT–PVA composites.  
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Chapter 1 
Introduction 
1.1 Background and Motivation 
Carbon nanotubes (CNTs) are lightweight (1.3–1.4 g/cm3), ultra–stiff (~100 GPa) 
and have excellent thermal conductivity (6600 W/m.K) [1–5]. The unique combination of 
these properties along with an extremely high aspect ratio (on the order up to 10
5
) and the 
nano–scale dimensions makes CNTs very appealing to be used as the reinforcement 
phase in composite structures at the micro–scale. The presence of CNTs in the polymer 
matrix has been seen to result in distinct mechanical and thermal property improvements 
in the composite [4–5]. In recent years, CNT–polymer composites have found numerous 
applications at the micro/meso–scale, including their use in light–weight structures, 
micro–fluidic devices, textiles, actuators, and bio–medical implants [1–5]. Although 
CNT–polymer composites have a variety of potential applications, the machinability of 
CNT–polymer composites has yet to be studied in detail. 
Earlier works conducted by researchers revealed that the presence of CNTs in a 
polymer matrix significantly influences its machinability at the micro–scale [6–10]. 
Samuel et al. [6] found that, under the same micro–milling experimental conditions, 
CNT–polymer composites (with 15% CNT loading by weight) produce a continuous chip, 
has lower cutting forces and better surface finish as compared to carbon fiber–reinforced 
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polymer composites. To study the machinability of CNT–polymer composites, Dikshit et 
al. [7–9] developed a microstructure–level finite element machining model by 
considering two distinct phases of the microstructure, viz., the CNT phase and the 
polymer phase, thereby assuming perfect interfacial bonding. However, subsequent 
numerical and experimental investigations revealed that the failure mechanism during 
their machining is primarily governed by the CNT–polymer interface [6, 10]. Since the 
CNT–polymer interface is critical to the load transfer between CNT and polymer [11–12], 
it should be explicitly modeled in microstructure–level machining model. 
The CNT–polymer interface has been modeled using: i) a thin layer of an elastic 
material or a series of linear spring elements [13]; ii) non–linear spring elements [14]; 
and iii) cohesive zone elements [11–12]. Of these, the model with cohesive zone 
elements, namely, the cohesive zone model (CZM) has been widely used to characterize 
the interfacial separation characteristics [11]. The prior works done on the use of 
cohesive zone models reveal that the interfacial strength and interfacial fracture energy 
are the two key factors that dictate the behavior of material interface [11–12]. However, 
the determination of these two interfacial properties for a given CNT–polymer interface 
has been found to be very challenging [15]. 
There has been extensive research on measuring CNT–polymer interfacial 
properties. Molecular dynamic (MD) simulations have been used to determine the 
interfacial strength and interfacial fracture energy of CNT–polymer composites [16]. 
However, given the extremely small characteristic time/length–scales of MD simulations 
(i.e., pico–seconds/nano–meters [14]), they are typically not suitable for microstructure–
 3 
 
level machining models. Alternatively, CNT pull–out experiments have also been 
conducted [15, 17]. However, these experiments are very cumbersome to perform and are 
observed to have a wide variance in the observed interfacial strength [17].  
 
1.2 Research Objectives, Scope, and Tasks 
1.2.1 Research Objectives and Scope 
The main objective of this research is to obtain the interfacial properties for the 
CNT–polymer interface and to incorporate that interface in the microstructure–level 
machining model for better understanding of the machinability of CNT–polymer 
composites. It also aims to develop constitutive material models for both the polymer 
phase and the CNT–polymer interface in this model to account for variable temperature 
and strain rate during machining. 
This thesis will concentrate on the polyvinyl alcohol (PVA) matrix containing 
NaOH–treated –COOH functionalized CNTs (i.e., –COONa functionalized CNTs) in it, 
because the high–polarized –COONa functionalized CNTs have been observed to be 
well–dispersed in the water–soluble PVA matrix [18]. Also, PVA is a biocompatible 
material with applications in biomaterial implants, recyclable packaging, and flexures 
[18]. On the modeling front, a microstructure–level machining model that explicitly 
accounts for the CNT–polymer interfacial properties will be developed. Strain rate– and 
temperature–dependent material properties, including Young’s modulus and plastic stress, 
will be incorporated in the machining model to account for the variable temperature and 
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strain rate over the deformation zone during machining process. This machining 
simulation will be limited to two–dimensional plane strain approach. In the experimental 
part, orthogonal machining experiment would be performed to validate the machining 
model, since orthogonal cutting is a good approximation to two–dimensional machining. 
 
1.2.2 Research Tasks 
To accomplish the research objectives, research tasks are divided into two phases. 
The first phase focuses on obtaining the interfacial properties of the CNT–PVA interface. 
The second phase aims to develop an enhanced microstructure–level material machining 
model by incorporating the CNT–PVA interface model. The following specific tasks are 
performed under these two phases. 
 
Phase I: Obtain the interfacial properties of the CNT–PVA interface.  
Two interfacial properties, namely, interfacial strength and interfacial fracture 
energy will be extracted from nanoindentation tests using an optimization–based inverse 
iterative finite element approach by minimizing the root–mean–square error between the 
simulated and experimental nanoindentation load–displacement curves [19]. This will be 
achieved by the following tasks: 
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1. Sample fabrication and nanoindentation test 
The CNT–PVA composite sample will be prepared through the spincoating 
technique to obtain well–dispersed and aligned CNTs in the sample. The composite 
sample will be observed under Scanning Electron Microscope (SEM) to 
characterize CNTs in the PVA matrix. The nanoindentation experiment will be 
performed to obtain the load–displacement curve. 
 
 2. Finite element model of nanoindentation 
The finite element model of the nanoindentation process will be developed to obtain 
the simulated load–displacement curve. The indenter will be modeled as a rigid 
surface. The microstructure of the CNT–PVA composite will be simulated based on 
the SEM images of CNT–PVA composite thin films. To simulate the microstructure 
of CNT–PVA composite, the CNT will be parameterized in terms of its length, 
orientation, end slopes, and the distribution in the PVA matrix [7–9]. The CNT–
PVA interface will be modeled as an area surrounding CNTs using the cohesive 
zone model. Individual material model of CNT, PVA, and the CNT–PVA interface 
will be combined in the microstructure and fed into the finite element solver for 
nanoindentation simulation. 
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3. Interfacial properties estimation and validation 
The interfacial properties of the CNT–PVA interface will be estimated by 
minimizing the root–mean–square error between the simulation and experimental 
nanoindentation load–displacement curves for the 2 wt.% CNT–PVA composite. 
The obtained interfacial properties will be validated for the 1 wt.% and the 4 wt.% 
CNT–PVA composites. 
 
Phase II: Enhanced microstructure–level machining model with interface. 
An enhanced microstructure–level finite element model for CNT–PVA composites 
will be developed by considering the CNT–PVA interface as the third phase in addition 
to the PVA phase and the CNT phase. The enhanced microstructure–level machining 
model will be used to study the machinability of CNT–PVA composites in terms of 
cutting force, chip formation, and surface/subsurface damage. The required specific tasks 
that will be conducted are: 
 
1. Material modeling of CNT–PVA composites 
Material properties of CNT, PVA, and the CNT–PVA interface will be 
characterized individually. Material properties of PVA will be captured using 
nanoindentation tests at different temperatures and strain rates. Constitutive 
material models for both PVA and the CNT–PVA interface will be developed to 
capture their material behaviors across a wide range of temperatures and strain rates 
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typically experienced during machining. The CNT material properties will be taken 
from literature. 
 
2. Development of the microstructure with interface 
In order to develop the microstructure of CNT–PVA composites, SEM images of 
the fabricated samples will be examined. The CNT phase in the microstructure will 
be developed based on the characterization of geometry, orientation, and 
distribution of CNTs in SEM images. The interface between CNT and PVA will be 
represented by a phase surrounding the CNT phase in the microstructure. 
 
3. Enhanced machining model development and validation 
The material models will be incorporated in the developed microstructure of CNT–
PVA composites in the machining model. The microstructure–level machining 
model will be fed into a finite element solver (ABAQUS
TM
) to predict the 
machining responses such as cutting force, chip formation, and surface/subsurface 
damage. The machining model will be validated by comparing the simulated 
cutting forces with the experimental data obtained from orthogonal machining 
experiments. The model will then be used to investigate the effect of machining 
conditions on cutting force, chip formation, and failure mechanism. A parametric 
study will be performed to understand the effect of interfacial strength on 
surface/subsurface damage of CNT–PVA composites. 
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1.3 Thesis Outline 
The remainder of this thesis is organized as follows. Chapter 2 provides a detailed 
review of literature regarding material properties, machining responses, and interfacial 
characterization of CNT–polymer composites. The first section describes fabrication and 
material properties of CNT–polymer composites. Following this, the machinability study 
of CNT–polymer composites is discussed with findings from both experimental and 
simulation investigations. In the next section, various numerical models of the CNT–
polymer interface are presented. The experimental and molecular dynamics simulation 
approaches to obtain CNT–polymer interfacial properties, including interfacial strength 
and interfacial fracture energy, are also discussed. Finally, the gaps in the knowledge and 
the needs for the present study are outlined. 
Chapter 3 describes an optimization–based finite element approach to obtain the 
interfacial strength and interfacial fracture energy of the CNT–PVA interface that are 
required for the enhanced microstructure–level finite element machining model. 
Nanoindentation tests are performed on CNT–PVA composite thin films fabricated using 
the spincoating technique. A finite element model to simulate nanoindentation process is 
developed based on the observed microstructure of CNT–PVA composite thin films. The 
interfacial properties are obtained by minimizing the root–mean–square error between 
simulated and experimental load–displacement curves obtained by nanoindentation 
simulation and nanoindentation experiment, respectively. 
Chapter 4 focuses on the microstructure–level finite element machining model of 
CNT–PVA composites, in which the CNT phase, the polymer phase, and the CNT–
 9 
 
polymer interface are modeled individually. Machining simulations are conducted by 
varying machining conditions, including depth of cut and rake angle, at two different 
CNT loadings. Orthogonal cutting experiments are performed to validate the machining 
model. Parametric studies are performed to study the effect of depth of cut and rake angle 
on the machining responses, such as cutting force, chip formation, and failure mechanism. 
Machining simulations are also conducted to investigate the effect of interfacial strength 
on the surface/subsurface damage of CNT–PVA composites. 
Chapter 5 draws specific conclusions from this work. Future directions to continue 
this research are also outlined. 
10 
 
Chapter 2 
Literature Review 
This chapter builds up a foundation for the development of an enhanced 
microstructure–level finite element machining model for carbon nanotube (CNT)–
polymer composites by reviewing the relevant research on the material behavior and 
machining models for CNT–polymer composites. First, fabrication and material behavior 
of CNT–polymer composites will be presented. This will be followed by discussing the 
constitutive material models for CNT and polymer, respectively. Following this, 
experimental and modeling efforts toward the understanding of the machinability of 
CNT–polymer composites will be described. In the next section, modeling approaches of 
the CNT–polymer interface will be discussed. Finally, experimental methods and 
molecular dynamics simulations to obtain interfacial properties of CNT–polymer 
composites will be summarized. The limitations of previous research in obtaining CNT–
polymer interfacial properties and the requirement to incorporate the interface in the 
microstructure–level finite element machining model will lead to the work of this thesis. 
 
2.1 CNT–Polymer Composites 
In recent years, CNT–polymer composites have found numerous applications 
including their use in light–weight structures, micro–fluidic devices, textiles, actuators, 
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and bio–medical implants [1–5]. While the presence of CNTs in the polymer matrix has 
been seen to result in distinct mechanical, thermal, and electrical property improvements 
in the composite [4–5], it has also been observed to improve the machinability of the 
composite over pure polymer [6]. Different CNT–polymer composites have been 
fabricated by incorporating CNTs in various polymer matrices, such as polycarbonate, 
polyvinyl alcohol (PVA), poly (methyl methacrylate), and polyethylene [6, 18, 20–21]. 
Although various CNT–polymer composites have been fabricated, it is always a 
challenge to disperse CNTs in the polymer matrix to avoid CNT aggregations. CNT 
aggregations in the polymer matrix can have side effect on the stiffness and material 
strength of CNT–polymer composites [22]. Therefore, in order to fabricate high–quality 
CNT–polymer composites, a homogeneous dispersion of CNTs in the polymer matrix is 
required [23].   
 
2.1.1 Fabrication of CNT–Polymer Composites 
In earlier studies, the CNT–polymer composite with functionalized CNTs were 
observed to have higher Young’s modulus and material strength as compared to that with 
pure CNTs. This indicates that functionalized CNTs have better dispersion than pure 
CNTs in the polymer matrix [18, 23]. Recently, Chen et al. [18] used highly soluble 
CNTs with COONa–functionalized groups to facilitate their dispersion in the water–
soluble polyvinyl alcohol (PVA) matrix. COONa–functionalized CNTs have better water 
solubility than COOH–functionalized CNTs (see Fig. 2.1).  
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(a)  (b)  
Figure 2.1: The photographs of (a) the CNT–COOH and (b) CNT–COONa solutions 
undisturbed for 7 days [18] 
 
Water solubility enables a good dispersion of COONa–functionalized CNTs 
within the water–soluble PVA matrix. In order to compare the material strengths of 
different CNT–PVA composites, CNT–PVA composites were coated on polypropylene 
threads. The resulting polypropylene threads were tested under tensile loading. The 
obtained stress–strain curves are shown in Fig. 2.2. The well–dispersed COONa–
functionalized CNTs in the PVA matrix have significantly increased the mechanical 
strength in the coated threads [18]. 
Besides the ability to disperse CNTs in the polymer matrix, the ability to align 
CNTs has also been extensively studied, enabling the development of CNT–polymer 
composites with anisotropic properties [24–25]. CNTs can be aligned in polymer films by 
layer–by–layer assembly [26], mechanical stretching [27–28], electrical field [29], and 
magnetic field [30]. Among those, the mechanical stretching has become most popular 
because of its simplicity [28]. 
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Figure 2.2: Typical stress–strain curves for (a) original polypropylene, polypropylene 
coated with (b) PVA, (c) PVA/CNT–COOH, and (d) PVA/CNT–COONa [18] 
 
Recently, Pradhan et al. [31] developed a spincoating technique to disperse CNTs 
in polymer thin films (film thickness: 10–25 nm). In this process, purified single–walled 
CNTs were solubilized in chloroform after they were noncovalently functionalized with 
poly(p–phenyleneethynylene)s (PPE). The resulting CNT–PPE solution was then mixed 
with a polycarbonate or polythiophene solution in chloroform to produce a homogeneous 
CNT–polymer composite solution. The homogeneous solution was spincoated on silicon 
wafers to fabricate in–plane aligned CNT–polymer composite thin films. It is observed 
that the majority of CNTs become aligned and stretched along the radial direction when 
the spinning rate of wafer increased to 7000 RPM (revolutions per minute), as shown in 
Fig. 2.3. Therefore, the spincoating technique can be applied to obtain aligned CNTs in 
polymer thin films. 
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Figure 2.3: (Middle) Schematic drawing of 5 wt.% CNT–polycarbonate thin film on 
silicon wafer prepared from 4 mg/ml solutions at the spincoationg rate of 7000 RPM. 
(Left) SEM image of zone A, showing partially aligned CNTs in polycarbonate. 
(Right) SEM image of zone B, showing aligned CNTs in polycarbonate. Scale bar: 1 
µm [19] 
 
2.1.2 Material Behavior of CNT–Polymer Composites 
CNT–PVA composite films were fabricated from water–solutions of PVA–
SWNT (single–walled carbon nanotube) and PVA–MWNT (multi–walled carbon 
nanotube) using the wet–casting method [23]. In a typical procedure, a PVA polymer 
sample (Molecular weight (Mw) ~ 70,000–100,000) was dissolved in water by heating at 
80 
o
C and stirring continuously for ~ 4 h to obtain the 20 wt.% solution. The exact 
amount of functionalized CNT solution was added to the PVA solution and stirred 
overnight. The resulting solution was then cast onto a glass slide and dried overnight. For 
comparison, a pure PVA film and a composite film with pure SWNTs without 
functionalization were prepared using the same procedure. PVA and CNT–PVA 
composite films were tested under tensile loading. The typical stress–strain curves for 
PVA and the composite film are shown in Fig. 2.4. It shows the increase in strength and 
modulus achieved by incorporating functionalized CNTs in PVA.  
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Figure 2.4: Typical stress–strain curves for PVA and for CNT–PVA composite films 
[23] 
 
Besides single–walled carbon nanotubes (SWNTs) and multi–walled carbon 
nanotube (MWNTs), the thin few–walled carbon nanotubes (FWNTs) in PVA matrix was 
studied by Hou et al. [32]. The stress–strain curves for different types of CNTs (SWNTs, 
FWNTs, MWNTs) in PVA composite were obtained as shown in Fig. 2.5. Results 
indicate that composite film with the 0.2 wt.% functionalized FWNTs (fFWNTs) has 
higher Young’s modulus and higher tensile strength than those of composite films with 
0.2 wt.% functionalized SWNT (fSWNT) or 0.2 wt.% functionalized MWNT (fMWNT).  
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         (a)         (b) 
Figure 2.5: Stress–strain curves of composite films containing (a) 0.2 wt.% of different 
types of CNTs; (b) different concentration of fFWNT [32] 
 
2.1.3 Polymer Constitutive Material Model 
In the tasks of this research, an enhanced microstructure–level machining model 
will be developed. In the microstructure–level machining model, the individual phases of 
PVA–CNT composites will be characterized and modeled separately [7–9]. Therefore, it 
is important to measure the material properties of PVA.  
PVA being a water–soluble polymer, its properties are a strong function of the 
processing technique that is used. Wide variations are reported in the literature [18, 23, 
32]. Therefore, PVA material properties need to be experimentally determined.  
Nanoindentation test can be used to measure the material properties, such as 
Young’s modulus and hardness at the micro– or even nano–scale. Young’s modulus can 
be measured from the nanoindentation data by following the Olive–Pharr’s procedure 
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[33]. Young’s modulus, E (also called elastic modulus) has been obtained from load–
displacement curve shown in Fig. 2.6, by defining the reduced elastic modulus, Er [33].  
 
Figure 2.6: Schematic of load–displacement curve for a nanoindentation test [33] 
 
The reduced elastic modulus, Er, which accounts for the fact that elastic 
deformation occurs in both the sample and the indenter is given by [33] 
22 11 1 i
r iE E E
 
  ,         (2.1) 
 
where, E and ν are the elastic modulus and Possion’s ratio for the PVA sample, 
respectively, and, Ei and νi are similar parameters for the indenter. Since the elastic 
modulus, Ei of the diamond indenter is much larger than both reduced modulus, Er and 
elastic modulus, E, Eq. (2.1) can be simplified as, 
2(1 ) rE E  .         (2.2) 
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The reduced elastic modulus is calculated using the Oliver–Pharr data analysis 
procedure [33] by fitting the unloading portion of the load–displacement curve to a 
power–law relation: 
2
r
S
E
A


 ,                      (2.3) 
 
where, β is a constant that depends on the geometry of the indenter (e.g., β = 1.034 for the 
Berkovich indenter), A is the projected area of the indenter tip, and S is the slope of the 
initial proportion of the unloading curve. The slope, S is defined as, 
/S dP dh ,           (2.4) 
 
where, P is the indenter load, and h is the penetration depth of indenter. Hardness of the 
material is expressed as, 
                             /H P A .                             (2.5) 
 Extensive research was conducted to obtain mechanical properties of polymer 
materials as a function of temperature and strain rate. One of the earlier theories 
regarding the temperature– and strain rate–dependent yield stress was proposed by Ree–
Eyring [34]. This theory states that an energy barrier (known as activation energy) must 
be overcome for the plastic motion to proceed during a thermally activated process [34]. 
Figure 2.7 shows the experimental data of yield stress of polycarbonate vs. strain rate at 
different temperatures as obtained by Fleck et al. [35]. These experimental data indicate 
that the Eyring plot can capture yield stress of polymer materials over a large range of 
temperatures and strain rates.  
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Figure 2.7: (a) Effect of strain rate on upper yield stress τy of polycarbonate. The solid 
lines are an Eyring fit; the dotted line is a best fit for experimental data. (b) Effect of 
temperature on upper yield stress τy of polycarbonate [35] 
 
PVA deforms elastically until it reaches the yield stress. After obtaining the 
Young’s modulus of PVA to characterize the material behavior in the elastic region, the 
material behavior of PVA during plastic deformation has to be obtained.  It is observed 
from Figs. 2.4 and 2.5 that the stress value of PVA remains constant beyond the yield 
point. Therefore, it is reasonable to assume that the plastic stress of PVA remains 
constant after PVA yields. 
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2.1.4 Carbon Nanotube Constitutive Material Model 
Extensive work has been performed to investigate physical and mechanical 
properties of CNTs [1–3]. High Young’s modulus values (300–1000 GPa) and high 
elongation–to–break values (~13%) of CNTs imply a stress state in a range of 39–130 
GPa upon the failure of a CNT [1–2].  
For the experimental aspect, measurements of CNT failure stress have not achieved 
the theoretical maximum values, 130 GPa. It is probably because of the sample defects 
introduced during CNT sample preparation. Recently, a mean failure stress ~100 GPa for 
CNTs was obtained from experimental measurements [2]. Since the polymer (i.e., PVA) 
phase is expected to fail at a significantly lower stress level than that of CNTs, the CNT 
phase is modeled as perfectly elastic in this study [1, 36–38].  
 
2.2 Machinability Study of CNT–Polymer Composites 
2.2.1 Experimental Studies 
Extensive research was performed on the machinability of conventional fiber 
reinforced composite materials. Dipaolo et al. [39] studied the crack growth and 
delamination of conventional fiber reinforced composite materials. Their work illustrates 
the importance of the cutting forces in predicting and controlling damage during drilling 
process. Milling of conventional fiber reinforced composite materials was studied by 
Bhatnagar et al. [40]. Results show that the cutting force is dependent on the cutting 
direction when machining unidirectional carbon fiber reinforced polymer composites.  
21 
 
Although the machining of conventional fiber reinforced composite materials has 
been extensively studied, a limited number of studies have been conducted to investigate 
the machinability of CNT–polymer composites. One of the first experiments to 
investigate the machinability of CNT–polymer composites was performed by Samuel et 
al. [6]. The machining characteristics of CNT–polycarbonate composites were studied by 
micromilling operation and compared with the machining responses of pure 
polycarbonate and carbon fiber reinforced polycarbonate (carbon fiber–polycarbonate) 
composites. The micro–milling conditions for all three materials are summarized in Table 
2.1. The surface roughness, chip morphology, and machining forces were used as 
machinability measurements. 
 
Table 2.1 Micro–milling conditions [6] 
Workpiece  Pure polycarbonate, polycarbonate reinforced with 15 wt. % CNTs , 
and polycarbonate with 30 % by volume of carbon fibers 
Tool 508 µm diameter, two–fluted, tungsten carbide end mill, rake angle: 
3 deg, edge radius: 2 µm, helix angle 30 deg  
Cutting Speed ~ 119 m/min 
Axial depth of cut 100 µm 
Feed per tooth 0.33 – 4 µm 
 
Machining force values were calculated by averaging over 10 revolutions during 
micro–milling. Both CNT–polycarbonate composite and carbon fiber–polycarbonate 
composite have higher forces as compared to that of pure polycarbonate. The variation in 
the force for the carbon fiber–polycarbonate composite clearly indicates that the fracture 
of carbon fibers plays an important role in machining forces, as shown in Fig. 2.8. 
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Figure 2.8: (a) Peak–to–valley X force versus feed per tooth; (b) Peak–to–valley Y 
force versus feed per tooth [6] 
 
Continuous chips were observed for the entire range of feed per tooth (FPT) values 
as shown in Fig. 2.9. No adiabatic shear bands were observed during the machining of 
CNT–polycarbonate composite, indicating improved thermal conductivity as compared to 
that of pure polycarbonate. Chips produced from carbon fiber–polycarbonate composites 
were found to be discontinuous for the entire range of FPT, which is because the lengths 
of carbon fibers in these composites are much larger than the applied FPT values. 
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Figure 2.9: Characteristic chip morphologies seen at different FPT values (Scale: Bar = 
100 µm) [6] 
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The machined surfaces of the three materials were observed under Scanning 
Electron Microscope (SEM) to characterize the surface roughness. The surface roughness 
of CNT–polycarbonate composite is the lowest of all three samples, as shown in Fig. 2.10.  
 
 
Figure 2.10: Surface roughness (Ra) measured along the center of the slot [6] 
 
2.2.2 Machining Modeling Studies 
Significant progress has been made to understand the machinability of materials 
using modeling approach. The machining models are mainly four categories: 1) analytical 
models; 2) mechanistic models; 3) molecular simulation models; and 4) finite element 
methods.  
The analytical models are based on analytical solutions of mathematical modeling 
of machining responses [41–42]. They provide some insights into the machining process, 
thought the model prediction may not always be accurate. The mechanistic models were 
focused on predicting the machining responses by studying the mechanistic of machined 
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materials [43–44]. However, mechanistic models require calibrations based on machining 
experiments. It is difficult to develop the mechanistic model of CNT–polymer composites, 
because one would have to calibrate the model for CNT–polymer composites with 
different percentage of CNTs. Molecular dynamics simulations are mainly used to 
simulate ultra–fine machining process [45–46]. However, given the extremely small 
characteristic time/length–scales of molecular dynamics simulations (i.e., pico–
seconds/nano–meters [14]), they are typically not suitable for simulating machining 
process. 
Finite element machining simulation is based on discretization of workpiece and 
tool by finite elements. The finite elements of workpiece and tool are assigned with their 
own material properties. Finite element machining simulation is capable of predicting 
chip morphology, temperature, and machining force. Therefore, finite element machining 
simulation is suitable for the machinability study of CNT–polymer composites. 
 A microstructure–level machining model to simulate the machining of CNT–
polymer composites has been developed by Dikshit et al. [7–9]. Figure 2.11 outlines the 
proposed strategy to model the machining of CNT–polymer composites. The 
microstructure–level machining model included four integral parts: (1) microstructure 
simulation, (2) material model implementation for both the polymer and the CNT phase, 
(3) failure model implementation for both the polymer phase and the CNT phase, and (4) 
finite element model–based integration of the microstructure with the material models 
and the failure models. 
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Figure 2.11: Machining modeling strategy [7] 
 
The microstructure simulated in the machining model includes two phases, viz. the 
CNT phase and the polymer phase. In order to simulate the microstructure including 
these two phases, a parameterization schematic was developed to statistically 
characterized CNTs for their length, curvature, slopes, and distributions within the 
polymer matrix, as shown in Fig. 2.12. The parameterization of CNTs includes the length, 
S, the distance, D, and the angle, θ between the straight line joining the ends of the CNTs 
and the radial direction, and also the end slopes, θ1 and θ2.  
 
 
Figure 2.12: Parameterization of CNTs [7] 
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 These statistical parameters were then used to simulate the microstructure for 
CNT–polymer composites. Figure 2.13(a) and (b) show a comparison of the actual and 
the simulated microstructure. The simulated microstructure was observed to be a good 
representation of the actual one. 
 
 
  
(a) (b) 
Figure 2.13: (a) TEM image; and (b) Simulated microstructure for CNT–polymer 
composites [7] 
 
A microstructure–level finite element model was created by combining the 
microstructure with the material models for both the CNT phase and the polymer phase. 
The CNT phase was modeled as an elastic material with failure strain of 35–44% [37–38]. 
The polymer phase was characterized using the constitutive model to capture the material 
behavior at large strains and various strain rates. The failure of polymer occurs when the 
effective plastic stretch reaches a critical value.  
The machining model was incorporated into finite element solver. The computation 
processor provided cutting force, chip morphology, and temperature distribution as the 
simulation outputs while machining the CNT composites. 
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Machining forces and chip morphology were compared with experimental 
observations to validate the model. On an average, the model predicts the cutting forces 
with 8% accuracy. Continuous chip morphology and adiabatic shear bands were observed 
during the machining of pure polycarbonate, as shown Fig. 2.14(a). For CNT–
polycarbonate composites, such adiabatic shear bands are absent on machined chips, as 
shown in Fig. 2.14(b). 
 
 
 
 
 
(a) pure polycarbonate (b) CNT–polycarbonate composite 
Figure 2.14: Temperature bands (experimental versus simulation) [7] 
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2.3 CNT–Polymer Interface Model  
2.3.1 Numerical Models of CNT–Polymer Interface 
Two models to investigate the interfacial behavior were proposed by Golestanina et 
al. [47]. The first model characterized interface as a thin layer of elastic material 
surrounding a CNT, as shown in Fig. 2.15(a).  In the second model, the interface was 
represented by a series of spring elements, as shown in Fig. 2.15(b). Models with the 
interface are then used to predict the longitudinal modulus of composite material by 
assuming different elastic modulus or spring constant of the interface region. However, 
these two models cannot capture either the inelastic behavior of interface or interfacial 
failure. Also, both methods are limited to small material deformation because large 
deformation can cause excessive distortion of the elastic layer and spring elements. 
 
  
(a) (b) 
Figure 2.15: The FEA models used for the elastic interface: (a) one portion of the 
elastic layer, and (b) magnification of a region showing the spring elements [47] 
 
A multi–scale modeling approach for CNT–polymer composites was proposed by 
Shokrieh et al. [14], in which CNT is treated at the nano–scale, but polymer is modeled 
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as a bulk material. The CNT–polymer interface is modeled using non–linear spring 
elements to characterize the van der Waals interactions between carbon atoms of CNT 
and surrounding polymer, as shown in Fig. 2.16. Tensile behavior of this composite 
model has been studied in the presence of van der Waals interactions at the interface. 
However, this approach does not incorporate a failure mechanism at the interface, which 
cannot be used to simulate the interfacial failure of CNT–polymer composites during 
machining. 
 
 
(a) (b) 
Figure 2.16: Finite element model of representative volume elements (RVE): (a) cut 
section of RVE, and (b) side view of RVE with short CNT [14] 
 
2.3.2 Cohesive Zone Model for the Interface 
The model with cohesive zone elements, namely, cohesive zone model (CZM) has 
been widely used to characterize the interfacial separation characteristics [48–49]. Instead 
of describing the crack growth problem using a crack tip at a single point in classical 
fracture mechanics, CZM represents a zone or region, where the crack grows (or material 
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separates) to facilitate the energy and other computations. Thus, CZM can eliminate the 
singularity of stress at the crack tip and maintains continuity conditions mathematically, 
despite the physical separation [47].  
CZM describes the constitutive response of the interface, which can be defined as a 
region separating two bodies. Consider two bodies, Ω1 and Ω2 are separated, as shown in 
Fig. 2.17. The point, P is a common point at the interfacial surface between Ω1 and Ω2 in 
Fig. 2.17(a). After body separates, the point, P moves to the new points, P’ and P’’ on 
surfaces of Ω1 and Ω2, respectively. Therefore, interfacial separation, δ between the point, 
P’ and point, P’’ occurs. Interfacial normal separation, δn and interfacial shear separation, 
δt are the interfacial separation in the normal direction and in the shear direction, 
respectively. 
 
(a) (b) 
Figure 2.17: Conceptual framework of a cohesive zone model for the interface: (a) 
initial stage of the two bodies, and (b) interfacial separation of the two bodies [47] 
 
The constitutive relation for the interface is given as a displacement–dependent 
potential, i.e., the measurement of energy required to extend the interfacial material by a 
certain relative displacement between the two originally mating surfaces. The resulting 
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traction on the interface can be expressed as a function of displacement, δ between the 
two originally mating surfaces. Consider the interface experiences the interfacial failure 
in the normal direction, as shown in Fig. 2.18(a). The region within the separating 
surfaces, where the surface traction is nonzero, is defined as the crack tip process zone. 
The traction–separation law is used to describe the relation between the traction, σ and 
displacement, δ in this zone. A typical traction–separation T– δ law was shown in Fig. 
2.18 [48]. The point, A corresponds to the point, where the interface is yet to separate and 
the displacement, δ = 0. The point, C refers to the point, where the normal/shear traction 
reaches its maximum value, σmax. At this displacement, δ is determined as, δmax and is 
regarded as the cohesive crack tip. The point, E is the point where the traction decreases 
to zero which indicates that the separation is completed. Since fracture energy dissipates 
in the cohesive zone, the area under the traction–separation curve represents the 
interfacial fracture energy.  
 
 
 
 
(a) (b) 
Figure 2.18: Typical traction–separation curve for cohesive zone: (a) normal interfacial 
separation, and (b) traction–separation curve for interfacial separation [48] 
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As described above, the traction of the interface reaches the maximum value, then 
decreases, and eventually vanishes, permitting a complete interfacial separation. However, 
the ‘shape’ of traction–separation curves can be different.  
Xu and Needleman [49] proposed the exponential shapes of traction–separation 
curves for both normal loading and shear loading, as shown in Fig. 2.19. In Fig. 2.19(a), 
the traction in normal direction reaches the maximum value, σc at the normal separation, 
'
n . In Fig. 2.19(b), the traction in shear separation reaches the maximum value, τc at the 
shear separation, 
' / 2t . The characteristic lengths, 
'
n  and 
'
t  are given as, 
'
exp(1)
n
n
c



  , and 
'
exp(1) / 2
n
n
c



  .                            (2.6) 
 
  
(a) (b) 
Figure 2.19: Exponential traction–separation curves for cohesive zone model: (a) in the 
normal direction, and (b) in the shear direction [49] 
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A bilinear shape of the cohesive law for shear failure to model the interfacial stress 
in plated beams was proposed by Lorenizis et al. [50], as shown in Fig. 2.20. The beam 
has rectangular cross–section of width, bc and depth, h. A thin adhesive layer (width, bs, 
thickness, t, and length, 2l) is bonded to the beam. The interface is regarded as an 
adhesive layer having a constitutive response under shear loading. In the adhesive layer, 
the traction increases linearly until it reaches the interfacial shear strength, τc at the 
separation distance, δc. Then traction linearly decreases until the separation distance 
reaches the failure separation, δf beyond which the traction equals to zero and the 
interface fails. The bilinear cohesive law has a simple shape which can capture the 
essential properties of the interface.  
 
  
(a) (b) 
Figure 2.20: Typical traction–separation curve for cohesive zone: (a) normal interfacial 
separation, and (b) traction–separation curve for interfacial separation [50] 
 
2.4 Determination of CNT–polymer Interfacial Properties  
Prior works done on the use of cohesive zone models in machining [14] and 
delamination [12] reveal that the interfacial strength and interfacial fracture energy are 
the two key factors that dictate the behavior of material interface during machining. Both 
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experiments and molecular dynamics (MD) simulation were used. However, the 
determination of these two inherent properties for a given CNT–polymer interface has 
been found to be very challenging [15]. 
 
2.4.1 Experimental Approach 
One of the first experimental approaches to measure interfacial strength of CNT–
polymer composites was proposed by Cooper et al. [17]. In this approach, CNTs were 
drawn out from an epoxy matrix using the tip of a scanning probe microscope (SPM), as 
shown in Fig. 2.21(a) and (b). The force–displacement curve was recorded during the 
pull–out process, as illustrated in Fig. 2.21(c). An approximate calculation was performed 
to calculate CNT–polymer interfacial shear strength by dividing the force by the contact 
area, which is the multiplication of CNT embedded length and CNT circumference.  The 
obtained interfacial strength was found to be in the range of 35 – 376 MPa.  
Another pull–out experiment using atomic force microscopy (AFM) was proposed 
by Barber et al. [51]. In this approach, a CNT was attached to an AFM probe, as shown 
in Fig. 2.22. Then the CNT was pushed into a thin film of polyethylene–butene after 
heating polymer matrix within the softening/melting range. After embedding the CNT, 
polymer was rapidly cooled. The CNT was pulled out of the matrix by retracting in z–
direction while recording the deflection of AFM cantilever during the pull–out process. 
The z–piezo and cantilever deflections were used to estimate the total movement and the 
force. The interfacial strength was obtained by linearly fitting curve of the force and 
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contact area. The fitted value of interfacial shear strength was found as 47 MPa with 
coefficient of determination, R
2
 = 0.89. 
 
 
 
Figure 2.21: (a) TEM image of a CNT crossing a hole in an epoxy matrix; (b) TEM 
image of same specimen following partial pull–out by a tip of scanning probe 
microscope; (c) Force–distance curve obtained showing the lateral force and tip 
moving distance [17] 
 
 
 
Figure 2.22: A single CNT–AFM tip (CNT diameter ~ 80 nm) before pullout and after 
pullout (left inset, scaled to 40%) [51] 
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Recently, interfacial fracture energy between CNT and epoxy was measured using 
a peeling force microscope by Strus et al. [15]. In their study, CNT was peeled from the 
epoxy surface using a peeling force microscope, which can be used to study the adhesive 
nano–mechanics of one–dimensional nanostructures [52]. Result shows that the up–limit 
of interfacial energy per unit length on the epoxy is 1.7 pJ/m. Note that the interfacial 
energy is characterized by energy per unit area. The interfacial energy can be obtained as 
0.04 J/m
2
 by dividing the interfacial energy per unit length by the CNT circumference. 
However, these experiments are very cumbersome to perform. The results were observed 
to have a wide variance in the observed interfacial strength [17]. 
 
2.4.2 Molecular Dynamics Simulation 
CNT–polymer interfacial shear strength was studied using molecular dynamics 
simulations by Frankland et al. [53]. A nanotube embedded in either a crystalline or 
amorphous polyethylene matrix was used a non–bonded interface (in the absence of 
cross–links).  The cross–links, as shown in Fig. 2.23, were added later in the molecular 
dynamics simulation to study their effect on interfacial shear strength. The obtained 
values of interfacial shear strength are summarized in Table 2.2. 
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Figure 2.23: Illustration of the cross–linked system. Left: crystalline matrix. Right: 
amorphous matrix [53] 
 
Table 2.2: Calculated value for interfacial shear strength [53] 
Matrix Non–linked Composites Cross–linked Composites 
Amorphous 2.7 MPa 2.8 MPa 
Crystalline 30 MPa 110 MPa 
 
However, as pointed out by Shokrieh et al. [14], there are main drawbacks in 
molecular dynamics simulation: 1) Limitation of time/length scale on the order of pico–
second/nano–meter, 2) Not being applicable to the models including large number of 
atoms, 3) Huge amount of computational effort, and 4) Complex formulations. Given the 
extremely small characteristic time/length–scales of molecular dynamics simulations (i.e., 
pico–seconds/nano–meters [53]), they are typically not suitable for simulating machining 
process [14]. 
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2.5 Gaps in Knowledge and Need for Research 
The microstructure–level finite element machining model developed by Dikshit et 
al. [7–9] provided some insights to understanding the machinability of CNT–polymer 
composites. In this model, two distinct phases were considered in the microstructure, viz., 
the CNT phase and the polymer phase, thereby assuming perfect interfacial bonding. 
However, subsequent numerical and experimental investigations revealed that the failure 
mechanism during machining is primarily governed by the CNT–polymer interface [6, 
10]. Since the strength of the CNT–polymer interface is critical to the load transfer 
between the CNT phase and the polymer phase [48–49], it should be explicitly modeled 
in microstructure–level finite element machining model. 
The CNT–polymer interface has been characterized using different models [13–14].  
Of these, the model with cohesive zone elements, namely, CZM was widely used to 
characterize the interfacial separation characteristics [13–14]. In order to use CZM to 
characterize the interface, two specific parameters, viz., the interfacial strength and the 
interfacial fracture energy have to be obtained [14]. However, the determination of these 
two inherent properties for a given CNT–polymer interface has been found to be very 
challenging [15]. 
Molecular dynamics simulations have been used to determine the interfacial 
strength and interfacial fracture energy of CNT–polymer composites [16]. However, 
given the extremely small characteristic time/length–scales of molecular dynamics 
simulations (i.e., pico–seconds/nano–meters [53]), they are typically not suited for 
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simulating machining process, even at the micro–scale. Alternatively, CNT pull–out 
experiments have also been conducted [15, 17, 51]. However, these experiments are very 
cumbersome to perform and have been observed to have a wide variance in the observed 
interfacial strength [17].  
Recently, Liu et al. [19] used an optimization–based inverse iterative finite element 
analysis to identify the material parameters, such as elastic modulus and viscosity of 
polymer gels. However, their approach was mainly used to extract mechanical behavior 
of a single–phase material at the macro–scale.  
The optimization–based inverse iterative finite element simulation approach of Liu 
et al. [19] needs to be extended to multi–phase materials at the nano–scale to estimate the 
CZM parameters of the interface, viz., interfacial strength and interfacial fracture, by 
extracting them from nanoindentation experiment, which is relatively easier to perform 
than the CNT pull–out tests.  
The cohesive zone model for the CNT–polymer interface also needs to be 
incorporated into the microstructure–level finite element machining model of Dikshit et 
al. [7–9]. The microstructure–level finite element machining model with the interface 
shows potential for better understanding of the machining responses of CNT–polymer 
composites, such as cutting forces, chip formation, and failure mechanism. The enhanced 
machining model can also allow for studying the effect of interfacial strength on 
surface/subsurface damage of CNT–polymer composites. 
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Chapter 3 
Cohesive Zone Model Parameters of Carbon 
Nanotube (CNT)–Polymer Interface 
3.1 Overview 
The carbon nanotube (CNT)–polymer interface can be characterized by the 
cohesive zone model (CZM) with two specific parameters, viz., interfacial strength and 
interfacial fracture energy. As discussed in Chapter 2, determination of these two inherent 
properties for a given CNT–polymer interface has been found to be very challenging.  
One feasible strategy to model the CNT–polymer interface for machining 
simulations is by extracting the interfacial strength and interfacial fracture energy from 
nanoindentation experiment, which is relatively easier to perform than the CNT pull–out 
tests. Liu et al. [19] used an optimization–based inverse iterative finite element analysis 
to identify the material parameters, such as elastic modulus and viscosity of polymer gels. 
However, their approach was mainly used to extract mechanical behavior of a single–
phase material at the macro–scale. There is a need to extend such an approach to include 
multi–phase materials at the nano–scale. 
This Chapter is aimed to estimate the CZM parameters of the interface, viz., 
interfacial strength and interfacial fracture energy, for the CNT–polymer interface by 
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extending the optimization–based inverse iterative finite element simulation approach of 
Liu et al. [19] to the nano–scale. A finite element model is developed for the 
nanoindentation simulation by considering the CNT, the polymer, and the interface as 
three separate phases. The CZM parameters of the interface are then determined by 
minimizing the root–mean–square (RMS) error between the simulated load–displacement 
curve and the experimental result obtained from nanoindentation test at room temperature 
and indentation speed of 10 nm (strain rate ~0.025 s
-1
). The predicted CZM parameters of 
the interface are then validated for a particular CNT–polymer system with different CNT 
loadings. 
 
3.2 Inverse Iterative Finite Element Approach  
The inverse iterative finite element approach was first demonstrated by Liu et al. 
[19] to identify material parameters such as elastic modulus and viscosity for single–
phase materials. Figure 3.1 shows the strategy to extend this approach to estimate the 
CZM parameters of the CNT–polymer interface. The approach involves first using the 
microstructure simulation strategy developed by Dikshit et al. [7–9] to generate the 
desired microstructure for the CNT–polymer composite. The CNT–polymer composite is 
then modeled as a material with three distinct phases, viz., polymer, CNT and the 
interface, each having its own specific material model. The material model chosen for the 
polymer is specific to the polymer system at hand [18]. The CNT is modeled as a linear–
elastic material [7] and the interface behavior is captured using a cohesive zone model. 
The models for each of the three phases along with the simulated microstructure are used 
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to numerically simulate load–displacement curve. The CZM parameters are then 
estimated by minimizing the RMS error between the simulated and the experimental 
load–displacement values obtained from nanoindentation experiments within a specified 
tolerance using an error minimization procedure.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.1: The optimization–based inverse iterative finite element approach 
 
3.3 Fabrication and Characterization of CNT–Polymer 
Composite Films 
This subsection describes the composite film fabrication technique and 
nanoindentation tests to characterize the CNT–polymer composite. Specially, the load–
displacement curves for the well–dispersed and aligned 2 wt.% CNT–PVA composite 
samples are obtained using nanoindentation experiment. 
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3.3.1 Fabrication of Aligned CNTs in Composite Film  
The presence of well–dispersed and aligned CNTs in the composite samples is 
critical to mitigate the potential scatter in the nanoindentation data caused by the presence 
of randomly distributed and clustered CNTs. Therefore, the polymer and the CNT 
combination chosen for the matrix should lend itself easily to the manufacture of well–
dispersed and aligned CNT–polymer composite samples. The combination of the water–
soluble polymer PVA (molecular weight ~ 89,000–98,000 (99+% hydrolyzed)) and 
multi–walled CNTs functionalized with the –COONa group meet the above requirement 
[18]. The –COONa group functionalization enables good dispersion of the CNTs within 
the PVA matrix.  
The diameter of the pristine multi–walled CNTs is in the range of 13–18 nm. To 
obtain the CNT–COONa fibers, the pristine CNTs were first functionalized with 2.3 wt.% 
–COOH groups. The CNT–COONa fibers were then obtained by mixing the –COOH 
functionalized MWNTs (99 wt.%) with a NaOH solution using the procedure developed 
by Zhao et al. [18]. 
The 2 wt.% CNT–PVA composite sample was prepared using the spincoating 
technique [31]. A phosphorous doped N–type silicon wafer of 25 mm diameter was used 
as the substrate for the composite film. First, 2.5 grams of PVA was dissolved in de–
ionized water by heating up to 70 
o
C at a rate of 1 
o
C/min. The solution was then stirred 
at 70 
o
C for 3 hours to obtain a 12.5 wt.% PVA solution. Based on the desired weight 
percentage loading of CNTs in the composite, the CNT–COONa was then added into 10 
ml de–ionized water, stirred for 3 hrs at 60 oC, and then mixed with the PVA solution. 
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The mixture was sonicated at 70 
o
C for 2 hours to allow the air bubbles to escape from 
the solution. The resulting viscous and homogeneous solution was then poured at the 
center of the silicon wafer that is set to spin at the speed of 7000 rpm to produce the final 
composite film.  
Three samples were prepared using this procedure and their thickness values were 
found to be in the range of 2.0–2.6 µm. The images of the cross–sections of the 
composite films have been captured using the Hitachi S–4800 Scanning Electron 
Microscope (SEM) at 1 kV. Figure 3.2 shows an SEM image of the radial cross–section 
of a typical composite film containing 2 wt.% of CNTs. The CNTs are seen to be aligned 
and stretched along the radial direction of the substrate. They are also observed to be 
well–distributed throughout the thickness of composite sample. 
 
 
Figure 3.2: SEM image of the cross–section of a typical 2 wt.% CNTs–PVA composite 
film (The highlighted region of 4 µm × 2 µm contains an average of 16 CNTs across 
all samples). 
 
3.3.2 Nanoindentation Tests 
The nanoindentation experiment was performed using the Berkvoich diamond tip to 
obtain the load–displacement curves for the 2 wt.% CNT–PVA composite samples at 
46 
 
room temperature and indentation speed of 10 nm/s. The maximum depth set to be 200 
nm with a loading/unloading time of 20 seconds. The average strain rate in the 
indentation depth of 100–200 nm is 0.025 s-1. Since the indentation depth is equal to or 
less than 10% of the film thickness (~ 2.0–2.6 µm), the effect of the substrate under the 
thin film is considered to be negligible [54]. The load–displacement curve for the 2 wt.% 
CNT–PVA composite is shown in Fig. 3.3. Note that the CNT distributions vary at 
different locations and that may lead to a variation in the indentation load. In order to 
avoid or minimize the effect of local variation, the indenter was applied to different 
locations of the sample and the obtained load data were averaged. The load at the 
maximum indentation depth for the composite film is found to be about 587.2 µN. For 
comparison, the pure PVA sample was also prepared and tested. As seen in Fig. 3.3, the 
load at the maximum indentation depth for the pure PVA film is about 493.4 µN.  
 
 
Figure 3.3: Experimental load–displacement curves of the pure PVA, and the 2 wt.% 
CNT–PVA composite 
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3.4 Finite Element Model of Nanoindentation 
The finite element model to simulate the nanoindentation of CNT–PVA composite 
has three distinct steps, viz., 1) modeling the geometry of the indenter, 2) simulation of 
the CNT–PVA composite microstructure, and 3) defining the material models for the 
PVA, CNT and the interface. This section discusses the details of each of these three 
distinct steps.  
 
3.4.1 Modeling the Geometry of the Indenter 
The Berkvoich indenter, which has a pyramidal shape as shown in Fig. 3.4 (a), has 
been used for the nanoindentation experiments presented in Section 3.3. To simplify the 
modeling of the indenter, a conical indenter that has the same projection area as the 
Berkovich indenter is employed to simulate the nanoindentation process. The equivalence 
of nanoindentation simulation in which the conical indenter has the same contact area as 
the Berkovich indenter has been validated in prior studies [54]. 
The equivalent conical indenter that has the same area–depth function as the 
Berkvoich indenter is given by   
224.5A h ,        (3.1) 
where, A is the projected area and h is the indentation depth. This yields a semi–apical 
angle of 70.3
o
 for the equivalent conical indenter. Figure 3.4 (b) shows the shape of the 
equivalent conical indenter. This conical indenter has both geometric as well as loading 
symmetry about its central axis. Since the stiffness of the diamond indenter is much 
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larger than that of the specimen, the indenter has been modeled as axisymmetric rigid 
surface [54]. 
 
 
(a) (b) 
Figure 3.4: Schematic diagram of (a) the Berkovich indenter, and 
(b) the equivalent cone indenter. 
 
3.4.2 Microstructure Simulation 
Parameterization of CNTs. The microstructure simulation strategy developed by 
Dikshit et al. [7–9] is used to simulate the CNT–PVA composite microstructure. The 
approach involves a parameterization of the CNT geometry followed by a statistical 
characterization of the parameters that then enable the simulation of the microstructure. 
As shown in Fig. 3.5, the parameterization of the CNTs includes the distance, D, and the 
angle, θ between the straight line joining the ends of the CNTs and the radial direction, 
and also the end slopes, θ1 and θ2. These parameters are collected for 16 CNTs present in 
the 2 wt.% CNT–PVA composite (Fig. 3.5). The distance between the ends of a CNT, D 
is observed to have a normal distribution with a mean of 560 nm and a standard deviation 
of 75.72 nm. The angle, θ is observed to have a normal distribution with a mean of 0o and 
a standard deviation of 6.5
o
. The angle, θ1 is observed to have a normal distribution with 
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a mean of 24
o
 and a standard deviation of 10.14
o
, whereas the angle, θ2 is observed to 
have a normal distribution with a mean of 22
o
 and a standard deviation of 12.39
o
, 
respectively. The collected data are summarized in Table 3.1. Knowing these parameters, 
the shapes of the CNTs are generated using a cubic spline curve [7]. 
 
 
Figure 3.5: Parameterization of CNTs [7]. 
 
Table 3.1: Statistical parameterization of CNTs  
 
CNT Parameters Mean Standard deviation Distribution 
Distance, D (nm) 560 75.72 Normal 
CNT Angle, θ (o) 0 6.50 Normal 
Slope, θ1 (
o
) 24 10.14 Normal 
Slope, θ2 (
o
) 22 12.39 Normal 
 
Simulating the Microstructure of the CNT–PVA Composite. In case of CNT–
polymer composite material, the majority of the load transferred to the CNT is taken by 
the outer shell [38]. The polymer phase is expected to fail at stress levels that are at least 
two orders of magnitude lower than those encountered during the “sword and sheath” 
type of failure for CNTs [7]. Therefore, all the CNTs have been modeled as single–
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walled CNTs with an effective diameter equal to the average outer diameter (i.e. 16 nm) 
of the multi–walled CNTs used in this study. This approach has been validated by the 
earlier work of Dikshit et al. [7–9]. In the finite element model, the number of CNTs 
within a given area of composite thin film has been calculated based on the weight 
percentage, wt.%, of CNTs as, 
( ) %c
CNT CNT
wt
N weight
d l


 
,     (3.2) 
where, ρc is the composite material density, w and t are the width and thickness of the 
composite thin film in the model, respectively, ρCNT is the density of CNT, dCNT is the 
average outer diameter of the CNTs, and l is the average length of the CNTs. Since the 
density of CNT, ρCNT, and the density of PVA are 1.30 g/cm
3
 and 1.29 g/cm
3
, respectively, 
it is assumed that the CNT–PVA composite density ρc is 1.30 g/cm
3
. With an average 
outer diameter, dCNT of 16 nm and an average length, l of 620 nm, for a 2 wt.% CNT–PVA 
composite, the number of CNTs for a given area of 4 µm × 2 µm can be calculated to be 
about 16. Based on this, a 2D microstructure is simulated, as shown in Fig. 3.6. This 2D 
microstructure will help develop 3D CNT–polymer composites for finite element 
nanoindentation simulation. The CNTs in the 2D microstructure are assumed to be 
distributed uniformly, as the CNTs are observed to be well–distributed in the fabricated 
composite sample (Fig. 3.2).  
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Figure 3.6: Schematic of distribution of the CNTs in the composite sample (cross–
sectional area). 
 
3.5 Three–Phase Composite Model 
3.5.1 Material Behavior of PVA 
PVA being a water–soluble polymer, its properties are a strong function of the 
processing technique that is used. Since wide variations are reported in the literature [18, 
23, 32], the PVA material properties to be used in simulation are experimentally 
determined. The Young’s modulus of PVA can be measured from the nanoindentation 
data by following the Olive–Pharr’s procedure [33]. The Young’s modulus, E of the 
sample has been obtained from the load–displacement behavior shown in Fig. 3.3 by 
defining the reduced modulus, Er [33]. The reduced elastic modulus, Er, which accounts 
for the fact that elastic deformation occurs in both the sample and the indenter is given by 
22 11 1 i
r iE E E
 
 
,    (3.3) 
where, E and ν are the Young’s modulus and the Possion’s ratio for the PVA sample, 
respectively, and Ei and νi are similar parameters for the indenter. Since the elastic 
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modulus, Ei of the diamond indenter is much larger than the reduced modulus, Er and the 
elastic modulus, E, Eq. 3.3 can be simplified as, 
2(1 ) rE E  .    (3.4) 
The reduced elastic modulus is calculated using the Oliver–Pharr data analysis 
procedure [33] by fitting the unloading portion of the load–displacement curve to a 
power–law relation, 
2
r
S
E
A



,              (3.5) 
where, β is a constant that depends on the geometry of the indenter (e.g. β = 1.034 for the 
Berkovich indenter), A is the projected area of the indenter tip (Eq. 3.1), and S is the slope 
of the initial proportion of the unloading curve. The slope S is defined as, 
/S dP dh ,   (3.6) 
where, P is the indenter load.  
Five nanoindentation tests are performed at different locations to obtain the average 
experimental load–displacement curve for the pure PVA sample at room temperature. 
The reduced elastic modulus, Er is calculated as 6.62 GPa using Eqs. 3.5 and 3.6. The 
Possion’s ratio, ν of PVA is assumed to be 0.46 [19]. The elastic modulus of the PVA is 
found to be 5.22 GPa using Eq. 3.4.  
PVA exhibits linear stress–strain relationship up to the yield strain. The yield strain 
of PVA is measured to be 3.8% and the stress remains constant beyond the yield strain as 
reported by Paiva et al. [23].  
 
53 
 
Thus, the stress–strain relationship of PVA can be given by  
     
 
where, ε is the strain, σ is the stress, and γ is the yield strain. The stress–strain relationship 
in Eq. 3.7 has been implemented in ABAQUS
TM
 to perform finite element simulation. In 
the experiments, the nanoindenter sets the zero displacement point for the load–
displacement curve when the load on the indenter tip reaches a critical value of 10 µN. A 
similar adjustment is also done for the simulation. Figure 3.7 depicts the comparison 
between the simulated and the experimental curves. It is seen that the prediction of load–
displacement curve from finite element simulation matches well with the load–
displacement curve from nanoindentation experiments. 
 
 
Figure 3.7: Simulated and experimental load–displacement curves for PVA. 
 
E
E




 

 for    
 
 for    
 ,  (3.7)  
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3.5.2 Material Behavior of CNT 
The CNT is assumed to be linearly elastic as modeled by Dikshit et al. [7–9] in 
their machining simulations. This assumption is valid for machining polymer composites 
because the high Young’s modulus values (300–1000 GPa) and high elongation–to–break 
values (~13%) for the CNTs imply a stress state 39–130 GPa upon the failure of a CNT 
[2]. Since the PVA polymer phase is expected to fail at significantly lower stress levels 
than that of the CNTs, the linear elastic model assumption for the CNT is appropriate. 
 
3.5.3 Cohesive Zone Model of Interface 
The interface between the CNT fiber and the PVA matrix is represented in the 
microstructure by a third phase, namely, the cohesive zone. Figures 3.8(a)–(b) depict the 
notion of a cohesive zone as seen in the top and cross–sectional views of a CNT–polymer 
system. When a load is applied to the composite, the PVA matrix transfers it to the CNT 
fiber until there is failure at the interface. The polymer zone surrounding the CNT that 
degrades mechanically during interface failure can be envisioned as the cohesive zone.  
Researchers in previous studies have used different values for the thickness, b of 
the cohesive zone (or interface) for CNT–polymer composites (Figs. 3.8 (a)–(b)). The 
simulation work of Golestanina and Shojaie [13] and Shokrieh and Rafiee [14] assumed 
the value of b to be 0.03 and 0.25 times the CNT diameter, respectively. However, the 
experimental work of Cooper et al. [17] established this number to be close to 0.15 times 
that of the CNT diameter. Accordingly, in this study, for the CNT diameter of 16 nm, the 
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value of b was chosen to be 2.4 nm. Since the cohesive zone thickness has almost no 
influence on the mechanical response of the CZM [55], this thickness value was kept 
fixed in the model. 
 
 
 
(a) (b) 
Figure 3.8: Representation of the cohesive zone model for the interface between the 
CNT and the PVA in composite: (a) top view; and (b) cross–sectional view. 
 
In developing the model for the cohesive zone, fracture is considered as a gradual 
phenomenon in which separation takes place across an extended crack ‘tip’, or cohesive 
zone, and is resisted by cohesive tractions that act on the surfaces being separated. As the 
two surfaces separate, the stress at their interface increases until it reaches the interfacial 
strength. At that very instant the stress value falls to zero and complete separation occurs 
between the two surfaces. The total energy required to separate the two phases is 
regarded as the interfacial facture energy.   
The prior works done on the use of cohesive zone models in machining [56] and 
delamination [12] reveal that the interfacial strength and interfacial fracture energy are 
the two key factors that dictate the behavior of material interface during machining. In 
order to capture this behavior, various shapes of traction–separation curves, such as 
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bilinear [12] and exponential [49] curves, have been proposed by researchers both for 
tensile and shear failure modes. During indentation process, the composite thin film 
experiences both the compression and the shear stresses, and the shear–based mode II 
failure becomes the dominant fracture mechanism at the polymer–fiber interface. 
Therefore, both bilinear and exponential traction–separation curves can be used.  
However, since the time–scales involved in the high strain–rate deformation of the 
composite during machining are extremely small, the overall shape of the traction–
separation curve for interfacial elements is seen to have a little effect on the material 
response [56]. The bilinear traction–separation curve for the shear–based mode II failure 
is applied for the CZM in this study, as shown in Fig. 3.9. It is because the bilinear curve 
facilitates easy implementation and has been shown to be capable of matching the 
experimental results [14, 56]. In Fig. 3.9, δc is the critical separation distance, τc is the 
interfacial strength, δf is the failure separation distance, and Φ, the area under the 
traction–separation curve, is the interfacial fracture energy. 
 
 
Figure 3.9: Traction–separation curve for the interface. 
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The following analytical relationships represent the interfacial behavior shown in 
Fig. 3.9: 
  
   
 
The three portions of the traction–separation law can be considered as linear elastic, 
linear softening, and debonding, respectively. Since the shear–based mode II failure is the 
dominant fracture mechanism, the critical separation distance, δc for mode II interfacial 
shear failure has been given by [57], 
exp(1)
c
c




.   (3.9) 
The failure separation distance, δf can be calculated from Fig. 3.9 as,  
2 /f c   .        (3.10) 
 
3.6 Estimation of Cohesive Zone Model Parameters Using 
Inverse Iterative Finite Element Approach 
The CZM parameters of the interface, τc and Φ are estimated using the procedure 
described in Fig. 3.1. In the 3D microstructure, it is assumed that the cross–section of the 
composite shown in Fig. 3.6 is similar throughout the sample, as the indentation area for 
the 200 nm indentation depth is very small. As shown in Fig. 3.10(a), the meshed 3D 
microstructure of the 2 wt.% CNT–PVA composite is built based on the 2D simulated 
( / )
( ) / ( )
0
c c
c f f c
  
     


  


 for 0 c    
 
 for c f     (3.8) 
 for f  . 
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microstructure shown in Fig. 3.6 by extruding it in the Z–direction (–ve, normal to the 
page) up to 1.2 µm. The 3D microstructure is modeled by half of the entire sample and, 
therefore, the microstructure is assumed to be symmetric with the X–Y plane. 
 
 
(a) 
  
(b) 
Figure 3.10: (a) 3D microstructure model for nanoindentation simulation; (b) Close–
up view of a CNT–integrated cohesive zone with finite element mesh. 
 
The center of conical indenter is placed on the X–Y plane, and the load–axis is 
directed at the center of the microstructure in that plane. In the finite element 
implementation, the cohesive zone represents an adhesive material with a finite thickness 
equal to the size of the cohesive zone (Fig. 3.10(b)). The properties of this thin adhesive 
material are based on the traction–separation curve (Fig. 3.9) thereby modeling the 
constitutive response of the CZM for the CNT–PVA interface. As the indention proceeds, 
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adaptive mesh control is applied to preserve the model accuracy [58–60]. Similar to the 
indentation experiments, the maximum indentation depth for the simulation is set to be 
200 nm. The radius of the indenter tip is set to be 180 nm [61]. The friction coefficient 
between the indenter and the composite sample is provided as 0.25 based on the 
measurement from a scratch test on the sample.  
In order to estimate the CZM parameters using the inverse iterative finite element 
approach (Fig. 3.1), the differential evolution algorithm [19] was used as this algorithm is 
capable of estimating simultaneously more than one variable. For the iteration process, 
the initial values of the interfacial strength, τo, and the interfacial fracture energy, Фo 
were chosen as 100 MPa and 0.04 J/m
2
, respectively, as found in the literature [15, 17]. 
In each iteration, the RMS error between the simulated and experimental load values for 
twenty data points (equally spaced at 10 nm) was calculated. When the value reaches 
about 2% or less from the previous iteration step, the iteration process was stopped. After 
12 iterations, this optimization process yielded the interfacial strength value to be 42 MPa, 
and the interfacial fracture energy value to be 0.018 J/m
2
. 
 Figure 3.11 shows the overlay of the load–displacement curve obtained from the 
simulation and that using the experimental data. As observed, the simulated response 
appears to track well with the experimental data. Furthermore, the load at the maximum 
indentation depth of 200 nm predicted by the simulation is 594.3 µN, which is within 2% 
of the experimental value of 587.2 µN. 
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Figure 3.11: Simulated and experimental load–displacement curves for 2 wt.% CNT–
PVA composite. 
 
Figures 3.12(a) and (b) depict the stress states of the simulated composite 
microstructure for the 2 wt.% CNT loading at 100 nm and 200 nm indentation depth, 
respectively. A close–up view of the stress state at 200 nm indentation depth shown in 
Figure 3.12(c) clearly reveals that the mesh shears around the CNT. The simulation also 
shows that the interfacial shear stress is zero as the CNT–PVA interface fails at this 
indentation depth. While the indenter was unloaded, as shown in Fig. 3.12(d) there is 
some elastic recovery of the microstructure along with plastic deformation.    
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(a) 
(b) 
 
 
 
(c) 
 
(d) 
Figure 3.12: Simulated microstructure for the 2 wt.% CNT–PVA composite at the 
indentation depth of : (a) 100 nm, (b) 200nm. The shear stress along the CNT is 
captured in (c), and the plastic recovery of the microstructure after unloading the 
indenter is shown in (d). 
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3.7 Validation of Estimated Cohesive Zone Model 
Parameters of the Interface 
In order to validate the estimated cohesive zone model parameters of the CNT–
PVA interface, the estimated interfacial properties using the 2 wt.% loading composite 
were then input into the nanoindentation finite element model for the 1 wt.% and 4 wt.% 
CNT–PVA composite samples. The simulated load–displacement curves were then 
compared against the experimental data obtained for the same composite films. As seen 
in Fig. 3.13 and Fig. 3.14, the cohesive zone model parameters of the interface are seen to 
accurately predict the overall shape and the load at the maximum indentation depth 
obtained from the experimental curves for both the loadings. 
 
 
Figure 3.13: Simulated and experimental load–displacement curves for 1 wt.% CNT–
PVA composite. 
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Figure 3.14: Simulated and experimental load–displacement curves for 4 wt.% CNT–
PVA composite. 
 
The results outlined in Table 3.2 reveal that the cohesive zone model parameters for 
the interface at the maximum indentation depth are able to predict the load within 3% 
accuracy. Note that at a loading beyond 4 wt.%, the CNTs were observed to form clusters 
within the polymer matrix. Due to this, the CZM parameters for the interface of the 1–4 
wt.% composite samples that had well–dispersed and aligned CNTs may no longer be 
valid for the composite having clusters of CNTs. 
 
Table 3.2: Difference in load at the maximum indentation depth between experiments and 
simulation for CNT–PVA composites. 
CNT 
loading 
Experimental 
Pmax (µN) 
Simulated 
Pmax (µN) 
Difference in 
load Pmax 
1 wt.% 555.8 568.1 2.2%  
2 wt.% 587.2 594.3 1.2 % 
4 wt.% 604.0 613.4 1.6% 
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To compare the performance of the three–phase model against that of the two–
phase model [7–8], the nanoindentation process was simulated assuming perfect bonding, 
i.e., without explicitly modeling of the CNT–PVA interface. Table 3.3 shows the model 
predictions against those of the three–phase model. It is observed that the load at the 
maximum indentation depth is significantly higher than that predicted by the current 
three–phase model. The error percentage is seen to increase with an increase in CNT 
loading with 4 wt.% having the highest difference of 23.0%. This is because at higher 
loadings of CNTs, the interfacial area becomes non–negligible given the high aspect ratio 
of the CNTs. This high difference in load between the perfect bonding assumption and 
the three–phase model could explain the reason behind the machining model over–
predicting ~10% cutting forces for CNT polymer composites [7–8]. 
 
Table 3.3: Comparison of experiments and simulation assuming perfect bonding for 
CNT–PVA composites. 
CNT 
loading 
Experimental 
Pmax (µN) 
Simulated perfect bonding 
Pmax (µN) 
Difference in 
load Pmax 
1 wt. % 555.8 635.2 14.3 % 
2 wt. % 587.2 681.7 16.1 % 
4 wt. % 604.0 742.9 23.0 % 
 
3.8 Chapter Summary 
In this Chapter, the cohesive zone model (CZM) parameters of the interface, viz., 
interfacial strength and interfacial fracture energy, for CNT–PVA interface has been 
estimated using an optimization–based inverse finite element approach. A finite element 
model for nanoindentation has been developed where the microstructure of CNT–PVA 
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composites is modeled using three distinct phases, viz., the CNT, the polymer, and the 
interface. The unknown cohesive zone model parameters of the interface are then 
determined by minimizing the root–mean–square error between the simulated and the 
experimental nanoindentation load–displacement curves.  
A 2 wt.% CNT–polyvinyl alcohol (PVA) composite sample was used, and the 
values for the interfacial strength and the interfacial fracture energy were estimated to be 
42 MPa and 0.018 J/m
2
, respectively, at room temperature and quasi-steady state. These 
CZM parameters of the interface were then validated for the 1 wt.% and 4 wt.% CNT–
PVA composites. The values for the cohesive zone model parameters for the interface 
were validated for the 1 wt.% and 4 wt.% CNT–PVA composites with a 3% accuracy in 
the predictions of  the load at the maximum indentation depth. The results indicate that 
for well–dispersed and aligned CNT–PVA composites, the CZM parameters of the 
interface are independent of the CNT loading in the weight fraction range of 1–4%. The 
cohesive zone model of the CNT–PVA interface developed in this chapter will be 
incorporated in the microstructure–level machining model in the next chapter. 
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Chapter 4 
Enhanced Microstructure–Level Machining 
Model for Carbon Nanotube (CNT)–
Polymer Composites 
4.1 Overview 
An enhanced microstructure–level finite element machining model for carbon 
nanotube (CNT)–polymer composites will be developed in this chapter. The enhanced 
microstructure–level machining model considers the CNT–polymer interface as the third 
phase along with the CNT phase and the polymer phase in the microstructure. The 
interfacial properties of the CNT–polyvinyl alcohol (PVA) interface obtained in Chapter 
3 will be incorporated into the CNT–PVA interface phase in the microstructure–level 
finite element machining model. 
The CNT–PVA composite machining model consists of the following steps, as shown 
in Fig. 4.1. The microstructures of CNT–PVA composites at two different CNT loadings 
are developed based on the statistical characterization of CNTs such as geometry, 
orientation, and distribution examined from fabricated samples under Scanning Electron 
Microscopy (SEM). All three phases of the microstructure are then modeled separately 
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with their individual constitutive material model. The microstructure and material models 
are then fed into the finite element solver to obtain machining responses in terms of 
cutting forces, chip formation, and surface/subsurface damage caused by interfacial 
failure.  
 
 
Figure 4.1: Enhanced finite element machining model for CNT–PVA composites 
 
4.2 Constitutive Material Models 
The constitutive material models for PVA, CNT, and the CNT–PVA interface have 
to be developed and incorporated in the microstructure–level machining model for CNT–
PVA composites. 
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4.2.1 Material Model for PVA 
During machining of CNT–PVA composites, PVA material encounters variable 
cutting temperature and plastic strain rate over the deformation zone. To consider this 
effect during machining simulation, temperature– and/or strain rate–dependent material 
behavior, in particular, Young’s modulus and plastic stress of PVA are obtained in this 
section.  
Young’s modulus of PVA can be estimated from the simplified relationship given 
by [33],  
2(1 ) rE E  .    (4.1)  
 
where, E is the Young’s modulus, ν is the Possion’s ratio, and Er is the reduced modulus,  
which is used to account for the compliance of the indenter used in nanoindentation tests 
Possion’s ratio, ν of PVA is considered to be about 0.46 [19]. In order to obtain reduced 
modulus of PVA, nanoindentation tests at 1 µm indentation depth are performed using 
the Berkovich nanoindenter at the desired temperature range from 25 
o
C to 80 
o
C by 
controlling the temperature of the stage that holds the work sample. The temperature 
range is chosen such that the temperature is lower than the glass transition temperature of 
PVA, 85 
o
C [6]. Load–displacement curve found from each test is then used to obtain 
reduced modulus, Er using the Oliver–Pharr data analysis procedure [33], where the 
unloading portion is fitted to a power–law relation: 
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2
r
S
E
A


 ,    (4.2) 
 
where, β is a constant that depends on the geometry of the indenter (e.g. β = 1.034 for the 
Berkovich indenter), A is the projected area of the indenter, and S is the slope of the initial 
portion of the unloading curve. The slope, S is defined as 
 
/S dP dh ,    (4.3) 
 
where, P is the indentation load and h is the indentation depth of indenter. At each 
temperature with an incremental step of 5 oC, five nanoindentation tests are performed at 
different locations of the PVA sample to obtain an average value of the reduced modulus. 
Using Eqs. (4.1)–(4.3), Young’s modulus of PVA obtained at different temperatures are 
plotted in Fig. 4.2. It can be observed that Young’s modulus of PVA material significantly 
decreases with the increase in temperature.  
 
Figure 4.2: Young’s modulus of PVA at different temperatures 
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Plastic stress, σp of PVA can be obtained from the following relationship [33]: 
1/p H c  ,                  (4.4) 
where, H is the hardness of the material, and c1 is a constant coefficient that is assumed to 
be 3.0 [62–64]. Hardness can be determined by nanoindentation tests according to the 
following equation: 
H = P / A,                         (4.5) 
where, P is the indentation load, and A is the projection area. For the Berkvoich indenter, 
A = 24.5 h2, where h is the indentation depth. In order to obtain temperature– and strain 
rate–dependent plastic stress of PVA, the indentation strain rate, I  is varied by varying 
indentation speed, dh/dt at each temperature of the work stage and is expressed as,  
 
1
I
dh
h dt
  .       (4.6) 
The indentation strain rate, I  is varied from 10
–2 to 102 s-1 by keeping 
indentation depth constant at 103 nm, but by varying indentation speed at 10, 102, 103, 
104, and 105 nm/s. The values of I are then converted into the effective strain rate, 
using the following relationship [65]: 
/ tanI   ,   (4.7) 
where, α is the equivalent semi–apical angle of the Berkvoich indenter and its value was 
found to be 70.3o [54].  
The plastic stress values of PVA material found from nanoindentation tests at 
different temperatures and strain rates are used to fit plots of σp / T vs. ln , as shown in 
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Fig. 4.3, following the Eyring rate equation [35]. The purpose of using Eyring rate 
equation is to construct a constitutive material model for PVA, where both temperature 
and strain rate effects can be expressed by a single model that can easily be used to 
predict the plastic stress over a wide range of temperatures and strain rates. Although the 
Eyring rate equation is mainly used to characterize the yield stress of materials [35], in 
case of PVA, plastic stress remains constant beyond the yield point, indicating that plastic 
stress of PVA is equal to its yield stress [23, 32]. Therefore, the Eyring rate equation has 
been used in this study. 
The Eyring rate equation states that an energy barrier must be overcome for the 
motion to proceed [20] during a thermally activated process, and is described as,   
*
* *
0
ln( )
p YE k
T V T V
 

  ,       (4.8) 
where, 0 is a reference strain rate, V* is the activation volume governing the 
effectiveness of the stress in reducing the activation barrier, *YE is the activation energy, k 
is the Boltzman’s constant (= 1.38 × 10–23 kg.m2/s2), and T is the temperature. In Eq. 
(4.8), the terms *YE , V*, 0  are constants for a given material, indicating that the plots of 
σP / T versus ln  are always linear with a slope k / V*, as seen in Fig. 4.3. To calculate the 
value of *YE , in Fig. 4.3, a horizontal line for a fixed value of σP / T is considered. The line 
intersects at least two Erying plots at different temperatures. Using the two intersection 
points, Eq. (4.8) can be rewritten as,  
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,                              (4.9) 
where, 1T  and 2T are strain rates for temperature T1 and temperature T2 at the same value 
of σP / T. The reference strain rates, 0 can finally be obtained using Eq. (4.8). The 
calculated values for *YE , V*, and 0  using are listed in Table 4.1. These values are used 
as known values in the constitutive material model that is expressed as temperature– and 
strain rate–dependent plastic stress of PVA for the machining model. Other physical and 
thermal properties of PVA including density, thermal conductivity, and specific heat 
capacity of PVA were taken as 1290 kg/m3, 0.39 W/(m.K), and 5 kJ/(K.kg), respectively 
[66–67]. The failure strain of PVA is chosen to be 1.6 based on previous studies [68–69].  
 
Figure 4.3: Eyring rate equation plots showing dependence of plastic stress on 
temperature and strain rate in PVA  
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Table 4.1:  Constants of PVA constitutive material model. 
Constants Values 
Activation energy, *
YE  6.01 × 10
–19 
J 
Activation volume, V* 0.826 nm
3
 
Reference strain rate, 
0  3.17× 10
44
 s
-1
 
 
4.2.2 Material Model for CNT 
Extensive work has been performed to investigate physical and mechanical 
properties of CNTs [1–3]. High Young’s modulus values (300–1000 GPa) and high 
elongation–to–break values (~13%) of CNTs imply a stress state in a range of 39–130 
GPa in the composite upon the failure of a CNT [1–2]. Since the PVA polymer phase is 
expected to fail at a significantly lower stress level than that of CNTs [7], the CNT phase 
is modeled as perfectly elastic in this study. Poisson’s ratio of CNTs is considered to be 
0.28, which is within the range of 0.2–0.35 [1–3, 70]. Also, thermal properties such as 
heat capacity and thermal conductivity of CNT are chosen to be 600 J/(kg.K) and 6600 
W/(m.K), respectively [71–72]. 
 
4.2.3 Cohesive Zone Model for the CNT–PVA Interface 
Cohesive zone model (CZM) for the CNT–PVA interface is characterized by 
considering a bilinear traction–separation curve, as shown in Fig. 4.4. The CZM with the 
bilinear traction–separation curve is shown to match with the experimental results and is 
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easy to implement [12, 56]. In CZM, the traction of interface linearly increases with the 
interfacial separation until it reaches the interfacial shear strength, τc. The interfacial 
separation at the interfacial strength is referred to as the critical separation distance, δc. It 
is further assumed that beyond δc, traction linearly decreases until it reaches zero at the 
failure separation distance, δf. The area under the traction–separation curve is called the 
interfacial fracture energy, Φ. Values of these parameters for the CNT–PVA interface 
were obtained at room temperature (25 oC) and strain rate of 0.025 s-1 in Chapter 3 and 
are listed in Table 4.2. 
 
 
Figure 4.4: Traction–separation curves for the interface 
 
Table 4.2: Interfacial parameters at room temperature and strain rate of 0.025 s
-1
 
 
CNT-PVA interfacial parameters Values 
Interfacial shear strength, τc 42 MPa 
Interfacial fracture energy, Φ 0.018 J/m2 
Critical separation distance, δc 0.260 nm 
Failure separation distance, δf 0.857 nm 
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Like the PVA phase, the CNT–PVA interface is also influenced with varying 
temperature and strain rate during the machining process, therefore, interfacial properties 
shown in Table 4.2 need to be updated with temperature and strain rate during machining 
simulation. According to Detassis et al. [73], interfacial shear strength of the short carbon 
fibers–epoxy interface is proportional to shear strength of the epoxy matrix when 
temperature or strain rate changes. Therefore, in this study, it is assumed that interfacial 
shear strength of the CNT–PVA interface is proportional to temperature– and strain rate–
dependent plastic stress of PVA: 
c PK  ,   (4.10) 
where, K is a constant independent of strain rate and temperature. The value of K can be 
estimated as 0.23 based on interfacial shear strength, τc in Table 4.2, and the plastic stress 
of PVA, σp at the same temperature and strain rate. The value of K is kept constant at 
variable temperature and strain rate. The values of the critical separation distance, δc and 
the failure separation distance, δf for the CNT–PVA interface are assumed to be constant 
(see Table 4.2), because the critical separation distance and failure separation distance for 
CNT–PVA are the distance where van der Waals force between carbon atoms of the CNT 
and polymer matrix reaches the maximum value, and the van der Waals affecting 
distance, respectively [74]. The temperature– and strain rate–dependent interfacial energy 
can be obtained from Fig. 4.4 as: 
2
c f 
  .   (4.11) 
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4.3 Development of Microstructure for CNT–Polymer 
Composites 
For machining simulation, CNT–PVA composites at the CNT loadings of 2 wt.% 
and 4 wt.% will be studied. CNTs were considered to be randomly–oriented and well–
distributed in the PVA matrix. To develop the microstructure, samples at the same 
loadings were prepared and characterized as described below. 
 
4.3.1 Composite Sample Fabrication 
The solution for the CNT–PVA composite samples was prepared following the 
procedure described in the Chapter 3. The resulting viscous and homogeneous solution 
was then poured into a petri dish and dried in oven at 60 
o
C for 3 days. The typical 
thickness of the composite samples prepared using this procedure is found to be in the 
range of 0.3 – 0.6 mm. The top view of the samples was captured under the Hitachi S–
4800 SEM at 1 kV and examined to characterize geometry, orientation, distribution of 
CNTs in PVA. Figures 5(a)–(b) shows SEM images of top view of typical composite 
films containing 2 wt.% and 4 wt.% of CNTs, respectively. They are observed to be 
distributed in random fashion across the entire sample. 
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(a)  (b)  
  Figure 4.5: SEM images of typical CNT–PVA composite samples at (a) 2 wt.%, and 
(b) 4 wt.%  
 
 
4.3.2 Statistical Characterization of CNTs 
Statistical characterization including geometry, orientation, and distribution of 
CNTs in the composite sample observed in Fig. 4.2 at both the loadings of 2 wt.% and 4 
wt.% has been performed for developing similar microstructures that are required for 
machining simulation. Statistical characterization of individual CNTs has been well 
established in earlier studies [7–9]. As described in Chapter 2, the CNT in the composite 
sample can be characterized by the straight–line distance between their end points, D, the 
angle θ between the straight line joining the ends of the CNTs and horizontal, and also the 
end slopes θ1 and θ2 [7]. 
CNTs 
CNTs 
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Figure 4.6: Parameterization of individual CNTs [7] 
 
Although characterization of individual CNTs has been well established [7], their 
distribution in the polymer matrix has not been explicitly explained. In this study, 
distribution of CNTs in the fabricated samples has been statistically characterized by 
estimating the interspace (in x– and y– directions) between two adjacent CNTs as shown 
in Fig. 4.7. Straight lines are drawn first between the two ends of individual CNTs. The 
linear distance between the centers of two adjacent CNTs is then considered to be the 
interspace. The interspace between two adjacent CNTs is found to follow the normal 
distribution with a mean value of 411 nm and a standard deviation of 257 nm in x–
direction, and a mean of 384 nm and a standard deviation of 218 nm in y–direction for 
the 2 wt.% CNT–PVA composites. The interspace in the 4 wt.% CNT–PVA composites 
also follows normal distribution with a mean value of 242 nm and a standard deviation of 
132 nm in x–direction, and a mean value of 261 nm and a standard deviation of 142 nm 
in y–direction, respectively. 
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(a)  (b)  
Figure 4.7: Interspace between two adjacent CNTs for two typical cases at: (a) the 2 
wt.%, and (b) 4wt.% CNT loadings. 
 
4.3.3 Microstructure for Machining Simulation 
Geometry, orientation and distribution of CNTs obtained from the fabricated 
samples are now used develop microstructures for the same CNT loading using the 
MATLAB software. The shape of individual CNTs is obtained by first fitting a cubic 
spline line with the angles, θ1 and θ2, at two ends and the distance, D between these ends. 
The spline line is then rotated at a random angle, θ. The spline is then placed by the 
interspace estimated for two adjacent CNTs in both x–direction and y–direction. The 
resulting simulated microstructures for both the loadings are shown in Figs. 4.8(a) and (b), 
which represent the samples observed in Figs. 4.5(a) and (b). 
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(a) 
 
 
(b) 
Figure 4.8: Shape, orientation and distribution of CNTs in simulated microstructure for 
the loading at: (a) 2 wt.% and (b) 4 wt.% 
 
The interface in the microstructure between the CNT phase and the PVA phase is 
modeled with the third phase, i.e., the cohesive zone, as shown in Fig. 4.9(a). Thickness 
of this interface is considered to be 0.15 times that of the CNT diameter, dCNT as observed 
from the CNT pull–out experiment in [17], which is also within the range of 0.03 to 0.25 
in previous CNT–polymer interface modeling studies [13–14]. Accordingly, in this study, 
for the average CNT diameter of 16 nm (ranging from 13 – 18 nm), the value of b is 2.4 
nm. The resulting microstructure with the interface is shown in Fig. 4.9(b).   
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(a)  (b)  
Figure 4.9: (a) Representation of cohesive zone model for the CNT–PVA interface, and 
(b) Interface in the microstructure   
 
4.3.4 Machining Model Development and Implementation 
After simulating the microstructure, material properties described in section 2 for 
all three phases are incorporated in the finite element machining model, as depicted in 
Fig. 4.1. The size of the microstructure model for machining simulation is considered to 
be 6 µm × 2 µm. A part of the microstructure (workpiece) with the rigid cutting tool is 
shown in Fig. 4.10. The composite was constrained on the left and bottom surfaces. The 
tool is allowed to move towards workpiece at a certain velocity. The coefficient of 
friction between tool and workpiece in this study is measured as 0.95 by scribing test, and 
is incorporated in the machining model. Initial temperature of the workpiece was set to 
room temperature. It is critical to consider the rise in temperature caused by the plastic 
deformation of the material during machining. It is assumed that 60% of plastic work is 
converted into heat [75]. Adaptive meshing was applied to avoid convergence problems 
due to excessively distorted elements and to improve the aspect ratio of elements. 
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Figure 4.10: Machining model for CNT–PVA composites 
 
4.4 Machining Model Validation  
The model validation involves simulating machining by varying depth of cut (DOC) 
and rake angle at different loadings of CNTs. The predicted forces are compared with 
experimental data from orthogonal cutting. The machining model with the interface is 
compared with that of the machining model assuming perfect bonding at CNT-PVA 
interface. In addition, the effect of interfacial strength on the failure mechanism and 
subsurface damage of CNT–PVA composites is also studied. 
 
4.4.1 Machining Experiments and Results 
A numerically–controlled Leica Ultra–microtome machine, as shown in Fig. 
4.11(a), was used to perform orthogonal cutting experiment. The CNT–PVA composite 
sample (size 1.0 mm × 1.0 mm × 0.6 mm) was fixed on the face of a cylindrical rigid rod 
(Fig. 4.11(b)) and the rod was fastened with the holder in the lever arm of the machine. 
During experiment, the cutter starts cutting from the bottom of the sample when the lever 
200 nm 
Composite sample 
Rigid cutting tool 
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arm moves from top in the z–direction (see Fig. 4.11(c)). In each cut under the “Run” 
mode, the work stage moves or feeds towards the y–direction according to the given 
depth of cut (DOC), and then the lever arm starts cutting according to a desired cutting 
speed.  
For orthogonal cutting experiments, a number of glass knives were prepared as the 
cutting tool using the LKB Knifemaker. After preparing the knives of the wedge angle of 
45
o
, they were inspected under the optical microscope to ensure quality of the knife edge. 
The edge radii of these glass knives were measured to be in the range of 32–57 nm. The 
glass knives of 16 mm width are used to cut the sample of 1.0 mm width during 
orthogonal cutting experiments. Rake and clearance angles of the cutter (glass knife) are 
controlled by placing a wedge under the cutter, as depicted in Fig. 4.11(c). 
 
 
 
 
(b) 
 
    (b) 
 
 
 (c) 
 
 
                                                             
                  (a)                                                                       (c) 
Figure 4.11: Experimental setup with: (a) the Leica Ultra-microtome machine; (b) 
close–up view of the composite sample with reciprocating arm; (c) tool geometry and 
sample in the set up (side view). 
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A three–component Kistler load–cell (type 9251 A), a three–component charge 
amplifier (type 5010), and a NI data acquisition system along with LabVIEW software 
were systematically arranged in order to collect the cutting force data. Note that the force 
in z–direction is the cutting force for orthogonal cutting. Before collecting actual cutting 
force data, the sample was undergone several trimming operations in order to confirm 
uniform DOC for the entire work sample. With an assistance of the built–in microscope 
in the Leica Ultramicrotome machine, the trimmed surface was observed to be mirror–
like. 
Orthogonal cutting experiments were performed at two DOCs of 400 nm and 800 
nm and two rake angles of 23
o
 and 35
o
, as seen in Table 4.3. The selected values of DOC 
provide a good range for microstructure–level machining model validation, since the 
DOC is of the same order as the length of CNTs. The selected rake angles are within the 
range of rake angles for polymer/polymer composite recommended by Jésior et al. [76]. 
The cutting speed is considered to be 1 mm/s. For every combination of DOC and rake 
angle, experiments were repeated for three times, and the cutting forces were recorded. 
The cutting forces obtained from three repeated cutting experiments are averaged. Figure 
12 shows the captured cutting forces (in z–direction) for Case 2 in Table 4.3. Table 4.4 
shows the cutting force data obtained from orthogonal cutting experiments. It is seen that 
the cutting force increases with the increase in CNT loading, which is obvious as the 
reinforced and well–distributed CNTs increase the strength of the samples. 
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Figure 4.12: Experimental data for all three materials (Case 2) 
 
Table 4.3: Cutting conditions for machining model validation 
Case Depth of cut (nm) Rake angle (
o
) 
1 400 23 
2 400 35 
3 800 23 
4 800 35 
 
4.4.2 Machining Simulation Results 
Machining simulation was performed on all the microstructures developed for the 2 
wt.% and the 4 wt.% CNT loadings with the machining conditions listed in Table 4.3. 
Average cutting forces obtained from machining simulation (with the interface) are 
shown in Table 4.4. To compare the performance of the machining model developed in 
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this study with the previous two–phase model [7–9], machining simulation was also 
performed assuming a perfect bonding between CNT and PVA, i.e., without the interface. 
The cutting force data obtained from machining model considering perfect bonding for 
both the 2 wt.% and the 4 wt.% CNT–PVA composites are also listed in Table 4.4. 
 
Table 4.4: Comparison of experimental and simulated tangential cutting force (mN/mm) 
CNT 
loading 
 Case 1 Case 2 Case 3 Case 4 
DOC 400 nm DOC 800 nm 
Rake 23
o
 Rake 35
o
 Rake 23
o
 Rake 35
o
 
0 wt.% 
(Pure PVA) 
Experiment  113.7 94.1 187.5 170.4 
Simulation 109.5 96.3 190.0 166.8 
Difference (%) –3.7 2.3 1.3 –2.1 
 
2 wt.% 
Experiment 131.0 115.8 215.2 195.2 
Simulation with 
CZM 
126.7 111.6 204.4 184.7 
Difference (%) –3.3 –3.6 –5.0 –5.4 
Simulation with 
prefect bonding 
148.0 128.4 239.2 221.9 
Difference (%) 12.9 10.9 11.2 13.5 
 
4 wt. % 
Experiment 146.3 131.7 223.2 211.9 
Simulation with 
CZM 
137.4 124.1 212.8 209.7 
Difference (%) –4.1 –5.8 –4.7 –1.0 
Simulation with 
prefect bonding 
167.5 147.6 252.3 242.8 
Difference (%) 15.2 12.1 13.0 14.6 
 
87 
 
The cutting force data obtained for all machining conditions at both the CNT 
loadings show that the microstructure–level machining model considering the interface 
can accurately predict the cutting force as experiments. The error between experimental 
and simulation force data is less than 6%, although the model always under–predicts the 
cutting force. Under–prediction of the cutting force with the present model may be due to 
the thickness consideration for the interface in the cohesive zone model (CZM). The 
thickness (2.4 nm) of the interface was considered based on the experimental studies 
reported in [17]. Since the interface is the weakest zone among the three phases in the 
microstructure of CNT–PVA composites, the assumption of its thickness could impact 
the force data. 
On the other hand, the machining simulation that considers perfect bonding at the 
interface over–predicts the cutting force by at least 11%. The reason behind the higher 
cutting force is described as follows. The strength of the PVA phase is higher than the 
interface (see Eq. (4.10)). Since the interface does not exist in the two–phase model, the 
PVA phase can sustain a higher stress level during the load transfer between CNT and 
PVA. This results in higher cutting force during machining. 
 
4.5 Discussion 
This section presents the results of a parametric study performed using the model to 
investigate the effect of DOC and rake angle on the machining responses, such as chip 
formation, failure mechanism, and surface/subsurface damage. Machining simulations 
are also conducted to investigate the effect of interfacial strength on the 
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surface/subsurface damage of CNT–PVA composites, especially, the subsurface damage 
(i.e., damage beneath the machined surface). 
 
4.5.1 Effect of Machining Conditions on Machining Responses 
Simulation results for different machining conditions at both the CNT loadings are 
depicted in Figs. 4.13(a)–(f). It is observed in Fig. 4.13(a) that produced chip is 
continuous and machined surface is smooth when machining pure PVA. As for the CNT–
PVA composites with the same machining condition, as seen in Figs. 4.13(b) and (c), the 
presence of CNTs in the PVA makes the material heterogeneous and causes uneven 
machined surface because CNTs protrude and pull–out. The CNT reinforcement in the 
PVA matrix also causes larger cutting forces during machining, as shown in Table 4.4. 
The effect of depth of cut on machining responses can be observed by comparing 
Fig. 4.13(c) & (e) and Fig. 4.13(d) & (f) in Table 4.4, at a fixed rake angle and CNT 
loading. The increase in depth of cut is found to influence the chip size with larger 
deformation zone that causes the cutting force to be higher. The nature of chip 
morphology (i.e., continuous or broken) is not influenced by depth of cut. CNT 
protrusion and pull–out are observed at lower depth of cut because CNTs in the 
microstructure exist on the path of the cutter. 
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(a) Pure PVA, DOC: 400 nm, rake: 35o (Case 2)     (b) 2 wt. % CNT, DOC: 400 nm, rake: 35o (Case 2) 
 
  
(c) 4 wt.% CNT, DOC: 400 nm, rake: 35o (Case 2)    (d) 4 wt. % CNT, DOC: 400 nm, rake: 23o (Case 1) 
 
  
(e) 4 wt.% CNT, DOC: 800 nm, rake: 35o (Case 4)    (f) 4 wt. % CNT, DOC: 800 nm, rake: 23o (Case 3) 
 
Figure 4.13: Simulation results of microstructure-level machining model with interface 
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Figures 4.13(c) & (d) and Figs. 4.13 (e) & (f) compare the effect of rake angle, 
showing that the chip is continuous and its thickness is smaller at a larger rake angle. 
Also, a larger rake angle reduces cutting forces (see Table 4.4). It is due to the fact that a 
larger rake angle better facilitates the material shearing and deformation during 
machining [77]. Therefore, the rake angle of 35
o
 is recommended for machining CNT–
PVA composites, because it is within the recommended range [76], and produces smaller 
chip thickness and lower cutting force as compared with that of 23
o
. 
 
4.5.2 Effect of Interfacial Strength on the Surface/Subsurface 
Damage 
As discussed in Section 4.5.1, surface damage on the top surface, e.g., CNT pull–
out or protrusion, always exists during machining of CNT–PVA composites. But under 
the same machining conditions, subsurface damage can also happen. Figure 4.14(a) 
shows the machined surface with subsurface damage for the 4 wt.% CNT–PVA 
composite at a DOC of 800 nm and a rake angle of 35
o
 (Case 4). The occurrence of 
subsurface damage is due to the stress development in the material domain under the 
cutter as it passes. The presence of CNT in this stress–affected zone can lead to the CNT–
PVA interfacial failure and thus subsurface damage if the interfacial strength is weaker 
than the stress occurred. While surface damage can affect the surface roughness/surface 
finish, subsurface damage can cause defects and lower the strength of the final product 
[78]. Therefore, surface/subsurface damage can have a great impact on the functionality 
of CNT–PVA composite after machining. 
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With the aim of controlling such subsurface damage from the manufacturing 
aspects of CNT–polymer composites, a study of the effect of the interfacial strength on 
surface/subsurface damage is conducted. Three values of interfacial strength including 
50%, 150% and 200% of its original value are considered, while keeping the critical 
separation distance and failure separation distance constant (see Table 4.2). Simulation 
results for these three conditions are then compared with the one shown in Fig. 4.14(a). 
As shown in Fig. 4.14(b), subsurface damage enlarges when the interfacial strength 
is reduced to 50% of its original value. It is because the interface at lower strength is easy 
to fail. Figure 4.14(c) shows that subsurface damage disappears when the interfacial 
strength reaches 150% of its original value, indicating that the interfacial failure does not 
happen, as the interface can sustain a higher load when the interfacial strength increases. 
However, higher interfacial strength does not always reduce the subsurface damage. 
When interfacial strength increased to 200% of its original value, the subsurface damage 
occurs again, because the CNT on the right side bent excessively in the machining 
direction before it got pulled out, causing larger stress and strain in subsurface area. 
Therefore, interfacial strength is found to influence surface/subsurface damage during 
machining of CNT–polymer composites. The microstructure–level machining model 
developed in this study can be used to optimize surface/subsurface damage in machining 
of CNT–polymer composites and that can help improve manufacturing CNT–polymer 
composites with better control of interfacial strength by surface treatment and chemical 
bonding at the interface. 
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(a)  Original value of interfacial strength 
 
 
(b) 50% of original value of interfacial strength 
 
 
(c) 150% of original value of interfacial strength 
 
 
(d) 200% of original value of interfacial strength 
 
Figure 4.14: The effect of interfacial strength on surface/subsurface damage for the 4 
wt.% CNT–PVA composite at 800 nm DOC and 35o rake angle (Case 4) 
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4.5.3 Effect of Modeling Perfect Bonding Between CNT and PVA  
In order to compare with surface/subsurface damage and failure mechanism the 
simulation result shown in Fig. 4.13(c), Fig. 4.15(a) shows the simulation result for the 4 
wt.% CNT–PVA composite machined under Case 2 that considers a perfect bonding at 
the interface Figures 4.15 (b) and (c) show their close–up view. It is clearly observed that 
in the machining simulation assuming perfect bonding, the first CNT that aligned against 
the tool tip bent excessively in the cutting direction as the cutter progresses and causes 
severe surface damage. The second CNT that aligned in favor of the cutter pulled–out 
with strong bending action leaving the surface with a big cavity. On the other hand, in 
case of the microstructure that considers the CZM for the interface, although the first 
CNT protruded and the second CNT pulled–out, they did not suffer from the ‘bending’ 
action. This clearly reveals that the bending action due to the perfect bonding at the 
interface causes more local deformation of the PVA phase and that leads to higher cutting 
force for the same conditions in machining simulation (ref. Table 4.4). The existence of 
the interface causes early interfacial failure with minimum or no deformation of the PVA 
phase and thus lessens surface damage and cutting force.  
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(a) 4 wt.% CNT, DOC: 400 nm, rake: 35
o
 (Case 2)  with perfect bonding 
 
  
(b) close–up view of (a)  (c) close–up view of Fig. 4.13(c) 
Figure 4.15: (a) Simulation result considering perfect bonding at the CNT–PVA 
interface; (b) close–up view of (a); and (c) close–up view of Fig. 4.13(c) that considers 
CZM at the interface 
 
4.6 Chapter Summary 
In this chapter, an enhanced microstructure–level finite element model for CNT–
polymer composites has been developed by considering the interface as the third phase in 
addition to the polymer phase and the CNT phase. For the CNT–polymer interface phase, 
two interfacial properties, viz., interfacial strength and interfacial fracture energy have 
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been included. To encounter variable temperature and strain rate over the deformation 
zone during machining, temperature– and strain rate–dependent mechanical properties for 
the interface and the polymer material have also been obtained and considered in the 
model 
Both machining simulation and experiments of CNT–polymer composites have 
been conducted by varying machining conditions, including depth of cut and rake angle 
at two different loadings of CNTs. The results show that the model can predict cutting 
forces within 6% of the experimental values in all conditions. The model has also been 
applied to study the effect of depth of cut and rake angle on the machining responses, 
such as cutting force and chip formation. It is observed a large rake angle (35
o
) better 
facilitates the material removal process during micromachining and produces lower 
cutting force than a smaller rake angle (22
o
). Machining simulations are also conducted to 
investigate the effect of interfacial strength on the surface/subsurface damage of CNT–
PVA composites. Results show that subsurface damage is reduced when interfacial 
strength increases. However, very high interfacial strength or perfect bonding can result 
in more surface/subsurface damage because CNTs can bend excessively in the cutting 
direction, causing more local deformation and higher stress in CNT–PVA composites. 
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Chapter 5 
Conclusions and Recommendations 
5.1 Conclusions 
This thesis investigates the interfacial properties for the carbon nanotube (CNT)–
polyvinyl alcohol (PVA) composites and incorporates the CNT–PVA interface model 
with these properties in the microstructure–level machining model to better understand 
the machinability of CNT–PVA composites. 
The research was carried out in two stages. First, the interfacial properties, namely, 
interfacial strength and interfacial fracture energy of the CNT–PVA composites were 
extracted from nanoindentation tests using an optimization–based inverse iterative finite 
element approach. Nanoindentation experiments were performed on the CNT–PVA 
samples fabricated through the spincoating technique to obtain the experimental load–
displacement curve. To obtain the simulated load–displacement curve, a finite element 
model for the nanoindentation process was developed based on the microstructure of 
CNT–PVA composites, and individual material models of CNT, PVA, and CNT–PVA 
interface. The interfacial strength and interfacial fracture energy were estimated by 
minimizing the root–mean–square error between the simulated and experimental load–
displacement curves. 
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Second, the existing microstructure–level machining model developed for CNT–
polymer composites with two phases was extended by considering the CNT–PVA 
interface as the third phase along with the CNT phase and the PVA phase. The CNT–
PVA interface was represented with the cohesive zone model (CZM) and its parameters, 
including interfacial strength and interfacial fracture energy. Constitutive material models 
for both the PVA phase and the interface were developed to include variable temperature 
and strain rate experienced over the deformation zone during machining. Machining 
simulations were performed for the CNT–PVA composite by varying machining 
conditions including depth of cut and rake angle at the CNT loading of 2 wt.% and 4 
wt.%, and validated through orthogonal machining experiments in terms of cutting forces. 
Machining simulations were also conducted to study the effect of rake angle and depth of 
cut on machining responses in terms of cutting forces, chip force and surface damage, 
and to understand the effect of varying interfacial strength on the surface/subsurface 
damage. Specific conclusions drawn from this research are given below.  
 
5.1.1 Estimation of CNT–PVA Interfacial Properties 
1. In order to enable microstructure–based machining models for CNT composites, a 
cohesive zone model (CZM) has been used to represent the CNT–polymer interface. 
The values of the two cohesive zone parameters for the interface, namely, interfacial 
strength and interfacial fracture energy are estimated using an optimization–based 
inverse iterative finite element approach.  
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2. A 3D finite element model of nanoindentation has been developed considering the 
polymer, the CNT and the interface as three distinct phases in the composite. The 
values of the cohesive zone parameters for the interface are determined by 
minimizing the error between the simulated and experimental load–displacement 
curves.  
3. For the 2 wt.% well–dispersed and aligned CNT–PVA composite, the cohesive zone 
parameters for the interface, viz., the interfacial strength and the interfacial fracture 
energy are estimated to be 42 MPa and 0.018 J/m2, respectively.  
4. The values for the cohesive zone parameters for the interface were validated for the 
1 wt.% and 4 wt.% CNT–PVA composites with a 3% accuracy in the predictions of  
the load at the maximum indentation depth. In addition, the results indicate that for 
well–dispersed and aligned CNT–PVA composites, the cohesive zone parameters for 
the interface are independent of the CNT loading in the weight fraction range of 1–
4%. 
 
5.1.2 Enhanced Microstructure–level Machining Model 
1. An enhanced microstructure–level machining model for CNT–polymer composites 
has been developed in this study. The CNT–PVA interface in the composite is 
modeled as the third phase, along with the CNT phase and the PVA phase, in the 
microstructure–level machining model. Constitutive material model for each phase 
has been developed and implemented.  
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2. A constitutive material model of PVA material has been developed to account for 
variable strain rate and temperature over the deformation zone during machining 
process. The strain rate– and temperature–dependent plastic stress was captured by 
nanoindentation tests and then fitted with the Eyring rate equation to predict the 
plastic stress of PVA over a wide range of temperatures and strain rates.  
3. The simulated cutting force for pure PVA is found to be within 4% from 
experimental result, indicating that the developed material model for PVA is capable 
of capturing the machining responses of PVA. 
4. For the 2 wt.% and the 4 wt.% CNT–PVA composites, the machining model with the 
interface is seen to successfully predict the cutting forces with an error less than 6%. 
The machining model assuming perfect bonding at the interface (i.e., two–phase 
model) has over–predicted the cutting forces by at least 10%.  
5. The presence of CNTs in the PVA makes the material heterogeneous and causes 
irregular machined surface because CNTs protrude and pull–out from the PVA 
matrix. 
6. The machining simulation results reveal that a large rake angle (35o) better facilitates 
the material removal process during micromachining and produces lower cutting 
force than a smaller rake angle (22 o). The cutting force is also higher at larger depth 
of cut. 
7. A parametric study has been performed using this microstructure–level machining 
model to study the effect of interfacial strength on surface/subsurface damage of 
CNT–PVA composites. Subsurface damage is reduced when interfacial strength 
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increases. However, very high interfacial strength or perfect bonding can result in 
more surface/subsurface damage because CNTs can bend excessively in the cutting 
direction, causing more local deformation and higher stress in CNT–PVA composites 
during machining process. 
 
5.2   Recommendations for Future Work 
In the present research, an enhanced microstructure–level machining model was 
developed to study the machining responses of CNT–polymer composites, including the 
interfacial behaviors of CNT–polymer composites. However, numerous improvement and 
extension of this study can be performed to better understand the machinability of CNT–
polymer composites. 
 
5.2.1 Experimental Studies 
1. In this study, the machining investigations were performed on the CNT–polymer 
composites with randomly–distributed CNTs in the polymer matrix. Although CNT–
polymer composite thin films with aligned CNTs were prepared in this study, these 
thin films could not be used in machining experiment. Experiments should be 
performed to fabricate bulk CNT–polymer composite samples with aligned and 
oriented CNTs. These CNT–polymer composites will be anisotropic in nature. The 
machining experiment on these CNT–polymer composites could enable the study of 
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the effect of CNT orientation on the functionality and machinability of CNT–
polymer composites. 
2. The strength of the CNT–polymer interface has been proved to affect the 
surface/subsurface damage of CNT–polymer composites during machining. Further 
studies can focus on modifying the interfacial strength between CNT and polymer by 
surface treatment or chemical bonding. Such a study would provide insights into the 
effect of interfacial strength on the manufacturability of CNT–polymer composites 
in experimental aspect.  
3. The study in this research is mainly focused on the CNT–PVA composite material. 
Experimental effort can be put into developing CNT–polymer composites using 
various kinds of CNTs and polymer materials. Some combination of CNTs and 
polymer may result in an innovative composite material with potential applications 
in semiconductor, sensor, aerospace, and etc. 
 
5.2.2 Modeling Studies 
1. The mechanical properties of interface, viz. interfacial strength and interfacial 
fracture energy, have been included in the microstructure–level machining model for 
CNT–polymer composites. But the heat transfer phenomenon at the interface has not 
been taken into consideration. During the machining simulation, the heat fully 
transfers between the CNT phase and the polymer phase. In reality, heat conduction, 
dissipation, and reflection may happen at the interface. Further study could include 
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the heat transfer at the interface to enhance the proposed microstructure–level 
machining model. 
2. The microstructure–level machining model could be modified to simulate the 
microstructure for CNT clusters or CNT bundles in the polymer matrix. By doing 
that, the microstructure–level machining model could be used to simulate the 
machining process for CNT–polymer composites with CNT clusters or CNT bundles 
in them. 
3. In this study, both the CNT phase and the polymer phase are treated as bulk 
materials with constitutive material models. A multi–scale modeling approach can be 
alternatively employed to study the machinability of CNT–polymer composites, in 
which the CNT would be treated at the atomic level and the polymer matrix would 
be modeled as bulk material.  Such a multi–scale modeling approach can better 
represent the behavior of CNTs at the micro/nano scale and provide insights into the 
physics of machining process. 
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